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ABSTRACT 
A prerequisite to the analysis of complex biological samples is the isolation, 
enrichment, and purification of target biomolecules. Nucleic acids, proteins, and intact 
cells have been established as important biomarkers for diagnostic, prognostic, molecular 
biology, and food safety applications. However, the accuracy and reproducibility of 
experimental measurements involving these analytes are dependent upon the purity of the 
sample that is subjected to instrumental analysis. Tedious and time-consuming sample 
handling and manipulation steps severely limit the sample throughput of traditional 
extraction and purification approaches. Given the urgency of providing rapid results in 
virtually every field of science, new methods that improve the speed, sensitivity, and 
selectivity of bioanalytical methods are highly desirable. 
Magnetic ionic liquids (MILs) are a class of molten salts with melting points at or 
below 100 °C that exhibit susceptibility to external magnetic fields. As a subclass of ionic 
liquids (ILs), MILs are comprised entirely of organic/inorganic cations and anions that 
can be functionalized to adopt myriad properties including negligible vapor pressure at 
ambient conditions, tunable viscosity, hydrophobicity, and unique solvation interactions. 
Depending on the identity of the paramagnetic component within the MIL structure, it is 
also possible to enhance the effective magnetic moment of the resulting MIL solvent. 
Transition metal and rare earth metal complexes are the most common components 
employed for imparting magnetic susceptibility to MILs. The unique physicochemical 
properties and paramagnetic nature of MILs have driven intense interest in their 
application as extraction/purification solvents in bioanalytical applications. 
	 vii 
The extraction of DNA from biological samples often involves numerous, lengthy 
centrifugation steps to isolate the nucleic acid from cellular debris and interfering agents. 
Three tetrahaloferrate(III)-based MILs were synthesized and investigated for the rapid 
extraction and preconcentration of DNA from aqueous solution and bacterial cell lysate. 
After MILs were dispersed in aqueous DNA samples, application of an external magnetic 
field permitted precise control of the DNA-enriched MIL solvent. The extracted DNA 
was then recovered in sufficient quantity and quality for polymerase chain reaction (PCR) 
amplification. 
In order to further reduce analysis times and facilitate method automation, the direct 
amplification of DNA from MIL extraction solvents was investigated. MILs were 
initially discovered to inhibit PCR amplification due to both the heavily alkylated cations 
and metal-containing anions in the MIL structure. Furthermore, hydrolysis of the iron(III) 
center in the MIL anion resulted in a decrease in solution pH that contributed to the 
diminished activity of the DNA polymerase. By developing a PCR mixture containing 
albumin, additional MgCl2 cofactor, metal chelators, and a higher buffer capacity, 
amplification was restored for samples containing the MIL solvent. By coupling rapid 
extraction with downstream DNA amplification directly from the MIL solvent, the MIL-
based method circumvented time-consuming DNA recovery procedures and was capable 
of extracting DNA from bacterial cell lysate for immediate amplification by PCR. 
Since many clinically relevant nucleic acid targets exist at extremely low 
concentrations in biological samples, an enrichment or preconcentration step is often 
required in order to minimize signals from untargeted biomolecules in diagnostic assays. 
Background DNA represents a particularly challenging interference due to its chemical 
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similarity to target nucleic acids. To address this challenge, sequence-specific DNA 
capture can be implemented by capitalizing on the innate ability of nucleic acid 
sequences to recognize their complements via base-pairing. Ion-tagged oligonucleotides 
(ITOs) were developed in order to impart sequence selectivity to MIL solvents. ITOs 
were synthesized by coupling an imidazolium-based ion tag with a thiolated DNA 
sequence using thiol-ene click chemistry. Longer alkyl chains in the ion tag structure 
resulted in ITOs with higher affinities for a manganese(II) hexafluoroacetylacetonate-
based hydrophobic MIL support. After hybridization of the ITO with a target DNA 
sequence, addition of the MIL solvent support to the solution enabled sequence-specific 
DNA extraction. The target sequence was then recovered using elevated temperature for 
real-time quantitative PCR (qPCR). Compared to a commercially available magnetic 
bead-based method, the ITO-MIL approach yielded ten-fold greater quantity of target 
DNA from a sample containing interfering genomic DNA. By avoiding challenges 
associated with magnetic bead aggregation, the particle-free ITO-MIL method represents 
a promising alternative for targeted DNA extraction. 
In many cases, DNA is isolated from a sample and subsequently stored for a period of 
time prior to analysis. During this timeframe that may last days or weeks, the nucleic acid 
is susceptible to chemical degradation or hydrolysis by enzymes such as 
deoxyribonuclease I (DNase I). In order to develop a workflow that would permit the 
extraction and storage of DNA within the same medium, MILs were also studied as 
solvents for the preservation of DNA. Plasmid DNA (pDNA) treated with DNase I and 
stored in MIL solvent was stable for up to 72 h at room temperature, whereas aqueous 
DNA samples were completely degraded under similar conditions. Partitioning of DNase 
	 ix 
I to the MIL phase was dependent upon the cation structure of the MIL, with a smaller 
amount of DNase I partitioning to an ammonium-based MIL relative to a phosphonium-
based MIL. Importantly, PCR amplification of pDNA treated with DNase I and stored in 
aqueous buffer at −20 °C for 1 week was unsuccessful due to rapid degradation upon 
thawing the sample, while pDNA stored in MIL under the same conditions contained 
sufficient intact DNA for amplification by PCR.  
The analysis of DNA plays a key role in the detection of pathogenic bacteria in foods. 
Although DNA analysis can provide information about bacteria species or serotype, the 
isolation of viable bacteria is essential for microbiological cultures that are used to 
unambiguously determine whether a microorganism is live or dead. Traditional bacteria 
enrichment methods that involve overnight cultures or immunoaffinity capture are limited 
by lengthy incubation times and complicated/expensive substrates (e.g., immunosorbent 
beads), respectively. In order to address the shortcomings of conventional enrichment 
approaches, MILs were investigated as solvents for the preconcentration of viable 
bacteria. By dispersing MIL in an aqueous suspension of Escherichia coli K12, bacteria 
were rapidly extracted (approximately 30 s) and isolated by application of a magnetic 
field. Viable E. coli were recovered from the MIL phase using a nutrient broth and were 
subjected to detection by either microbiological culture or qPCR amplification. Detection 
limits as low as 100 CFU mL−1 were achieved using the MIL-based method that required 
just 5 min to complete. The MIL-based method was used for successful extraction and 
qPCR-based detection of E. coli from milk samples. 
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CHAPTER 1 	
INTRODUCTION 
 
1.1  Fundamentals of magnetic ionic liquids and their applications in analytical 
chemistry 	
Since their discovery over a century ago,1 ionic liquids (ILs) have captivated 
scientists across a broad range of disciplines due to their intriguing physicochemical 
properties. ILs are generally defined as molten salts comprised of organic/inorganic 
cations and anions that possess melting points at or below 100 °C. Owing to the 
enormous number of potential cation and anion combinations, it has been estimated that 
over 1018 unique ILs can be produced.2 ILs can be designed to exhibit negligible vapor 
pressure at ambient temperature, tunable viscosity, high conductivity, and unique 
solvation behavior.3,4  
Magnetic ionic liquids (MILs) are a subclass of ILs that incorporate a paramagnetic 
component in the chemical structure of the cation or anion.5,6 In addition to possessing 
the same tunable physicochemical properties as conventional ILs, MILs are susceptible to 
external magnetic fields. Hayashi and co-workers were the first to observe the magnetic 
susceptibility of 1-butyl-3-methylimidazolum tetrachloroferrate(III) ([BMIM+][FeCl4−]) 
in 2004,7 and were followed by an outpouring of studies that explored the magnetic 
properties of new MIL structures.8,9 Evident from these reports was that the effective 
magnetic moment (µeff), or the magnitude of a substance’s response to an applied 
magnetic field, depends upon the identity of the paramagnetic species in the MIL 
structure.10 Figure 1-1 shows the chemical structures of several common MILs.  
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Transition metals (e.g., Co(II), Fe(III), or Mn(II)) constitute the most popular 
paramagnetic components in MIL structures, but lanthanide metals (e.g., Dy, Gd, or Nd) 
have also been employed to increase µeff values for MILs.9 Unlike ferrofluids that are 
colloidal suspensions of magnetic particles in a carrier fluid, MILs are neat magnetic 
liquids.11 As a result, MILs do not require flammable disperser solvents or stabilizing 
organic molecules that are frequently utilized in ferrofluids to prevent particle 
agglomeration.12 The paramagnetic properties of MILs have been exploited for 
applications including analytical extractions,13 density measurements,14 and switchable 
electrochromic sensors.15  
More recently, MILs have been the subject of intense interest in the field of analytical 
chemistry. A considerable advantage that MILs possess compared to conventional 
organic solvents or ILs is their inherent magnetic susceptibility that permits precise 
control of the solvent by application of an external magnetic field. Magnetic 
manipulation is particularly advantageous for sample preparation methods that ordinarily 
rely on tedious centrifugation steps to isolate analyte-enriched extraction media. 
However, it is important to note that miscibility of the MIL solvent with the sample 
solution precludes phase separation and magnetic manipulation. Lee and co-workers 
Figure 1-1. Chemical structures of typical cation and anion components of MILs. 
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reported that the [BMIM+][FeCl4−] MIL was completely soluble in water at 
concentrations lower than 20% (v/v) and did not phase separate upon application of a 1 
Tesla (T) magnetic field.16 The high phase ratio of MIL to aqueous solution required for 
magnetic manipulation rendered this particular MIL undesirable for aqueous 
microextractions, where small volumes (e.g., 10 µL) of extraction solvent are dispersed 
in larger sample volumes (e.g., 2 mL). In order to capitalize on the magnetic 
susceptibility of MILs in aqueous samples, hydrophobic MILs were developed using a 
variety of synthetic strategies to minimize the solubility of MILs in water. For example, 
installing long alkyl chains, benzyl groups, and/or perfluoroalkyl groups in the cation of 
the MIL resulted in hydrophobic MILs that were immiscible with water down to 0.25% 
(w/v).17,18 Since the paramagnetic properties of MILs are generally derived from a metal 
complex in the anion, tailoring the anion structure in MILs is more difficult. However, 
dicationic systems can be employed in which one cation is paired with a paramagnetic 
anion while the other is paired with a hydrophobic anion to impart hydrophobic character 
to the MIL.19 Another approach involves the incorporation of fluorine-rich ligands into 
the metal-anion complex. MILs based on transition or rare earth metals and 
hexafluoroacetylacetonate ligands were recently synthesized by our group and resulted in 
MILs with low viscosities and water solubilities as low as 0.1% (w/v).20  
Unlike hydrophilic MILs that are primarily constrained to applications in non-
aqueous systems, hydrophobic MILs can be employed in aqueous solutions thereby 
permitting the study of environmental contaminants,21 pharmaceuticals,22 and biological 
molecules.23 Figure 1-2 shows a generalized extraction procedure involving the 
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dispersion of the hydrophobic trihexyl(tetradecyl)phosphonium tetrachloroferrate(III) 
([P66614+][FeCl4−]) MIL in  aqueous solution. Compared to conventional liquid-liquid  
 
Figure 1-2. Schematic depicting a MIL-based microextraction in which the (a) 
[P66614+][FeCl4−] MIL in water is (b) dispersed by vortex and (c, d) collected using a 0.66 
T rod magnet.		
extraction (LLE) methods that rely on large volumes of organic solvents, require multiple 
sample transfer steps, and are difficult to automate, MILs possess three important 
advantages: (1) MILs can be structurally tuned to incorporate functional groups that 
enhance the extraction of analytes from complex samples, (2) control over the motion of 
the MIL extraction solvent using an external magnetic field renders MIL-based methods 
automatable, and (3) the design of MILs can facilitate specific tasks based on the needs of 
a given application such as low viscosity, high thermal stability, and/or high magnetic 
susceptibility.  
1.2 Brief overview of DNA extraction and purification methodologies 	
Deoxyribonucleic acid (DNA) governs the storage and transfer of genetic information 
in biological systems. Beyond its essential cellular roles, the analysis of DNA has 
a) b) c) d) 
MIL 
droplet 
Rod 
magnet 
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become a cornerstone of clinical diagnostics, forensic analysis, and food safety. Although 
contemporary sequencing methods can rapidly generate vast amounts of genetic 
information, DNA purification requires numerous time-consuming and labor-intensive 
procedures and represents a significant bottleneck in the bioanalytical workflow. 
Phenol-chloroform LLE is one of the most common methods for the extraction and 
purification of DNA. In this classical approach, DNA is first liberated from cells using 
surfactants, sonication, or heat. Cellular constituents (e.g., proteins and lipids) partition 
into the organic phenol-chloroform phase while DNA remains in the aqueous layer. DNA 
is then precipitated using ethanol or isopropanol, centrifuged, and subsequently 
reconstituted in a medium suitable for downstream analysis. The sample is often treated 
with ribonucleases (RNases) to enzymatically degrade contaminating ribonucleic acid 
(RNA). The cell lysis conditions for the phenol-chloroform LLE method have been 
modified to enable nucleic acid extraction from numerous biological and environmental 
sample matrices.24,25  
Despite its utility for the isolation of DNA from numerous biological and 
environmental samples, the phenol-chloroform LLE method has several shortcomings. 
The multiple, laborious washing steps along with time-consuming precipitation and 
drying procedures that are necessary to remove impurities from DNA severely limit the 
sample throughput of this method. Furthermore, the large volumes of toxic organic 
solvents required for this technique have raised health and environmental concerns. 
In order to address the limitations of LLE, solid phase extraction (SPE) was 
developed for the isolation of NAs. SPE typically relies on the reversible binding of DNA 
to a silica-based sorbent material using high ionic strength and chaotropic salts. Under 
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these conditions, DNA adsorbs to silica in a process facilitated by dehydration of both the 
DNA and silica as well as hydrogen bonding interactions.26 At lower solution pH, 
superior DNA extraction is observed presumably due to neutralization of the acidic 
silanol groups on the silica sorbent.27 In order to improve DNA purity, proteinase K may 
be added to the cell lysate to degrade proteins prior to the DNA binding step. Similar to 
LLE, RNases can be added to solution to ensure degradation of unwanted RNA. 
Following a washing step with ethanol to remove interferences, DNA is eluted in a low 
ionic strength buffer. A comparison of LLE and SPE methods for DNA sample 
preparation is shown in Figure 1-3. Silica-based DNA extraction kits are commercially  
 
Figure 1-3. Workflow for SPE and LLE methods commonly used for DNA extraction. 
available in several formats including spin columns, particles, and filters. Although they 
provide similar sorbent compositions, different manufacturers of silica-based materials 
for DNA extraction yield variable DNA quantities and purities.28,29 Nonetheless, 
commercially available silica-based SPE methods have been employed for the extraction 
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of DNA from soil, food, and blood samples, with the possibility of laboratory 
automation.30 However, SPE techniques utilize centrifugation or vacuum-assisted flow 
and thus require sophisticated equipment for method automation that is cost-prohibitive 
for most laboratories. 
One drawback of silica-based SPE and phenol-chloroform LLE methods is the 
limited selectivity afforded by the sorbent phase. In order to expand the available 
chemistries used for nucleic acid extraction and mitigate coextraction of interferences in 
complex samples, ILs have been employed as DNA extraction solvents. Wang and co-
workers demonstrated high extraction efficiencies for DNA (ca. 99%) in aqueous solution 
using the 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM+][PF6−] IL.31 In 
this method, the hydrophobic IL was agitated in solution to achieve dispersion into small 
droplets that facilitated rapid mass transfer of DNA to the IL phase. Electrostatic 
interactions between the imidazolium cation and the phosphate backbone of DNA were 
observed by 31P NMR and thought to be the primary force governing the extraction 
process. Further investigation of the relationship between IL structure and DNA 
extraction efficiencies revealed that dispersion forces and hydrogen bonding also played 
important roles in the extraction of DNA from aqueous samples.32   
In order to avoid the tedious, manual sample handling steps that constrain LLE and 
SPE techniques, magnet-based extraction approaches have been developed that are more 
compatible with high-throughput DNA analysis. Magnetic extraction phases are based on 
a magnetoactive core (e.g., Fe3O4) encapsulated by a coating material that is capable of 
reversibly binding DNA.33 Magnetic sorbents permit the rapid extraction and isolation of 
DNA from biological samples in a process that bypasses centrifugation. Another 
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advantage of magnet-based extraction is the ease with which enriched DNA can be 
separated from solid debris in homogenized tissues, environmental samples, or food 
samples by application of a magnetic field. The extracted DNA can then be readily 
manipulated for downstream analysis. By appending single-stranded oligonucleotides to a 
magnetic material, sequence specific enrichment of DNA can be accomplished. Surface-
bound oligonucleotides with sequences that are complementary to a sequence of interest 
can undergo hybridization (i.e., base-pairing interactions) and confine DNA targets to the 
magnetic bead/particle, while non-complementary sequences remain in solution.34 The 
selective extraction of DNA is extremely useful for minimizing background signals 
derived from untargeted DNA molecules, thereby improving the sensitivity of 
bioanalytical assays.35 
1.3 Brief overview of nucleic acid amplification techniques 	
DNA amplification methods, such as polymerase chain reaction (PCR), are capable of 
enzymatically generating large quantities of DNA from as low as a single copy of 
template DNA. Since its discovery by Kary Mullis in 1986,36 PCR has become a fixture 
in nearly every biochemistry and molecular biology research laboratory. A schematic of 
the amplification process in PCR is shown in Figure 1-4. PCR relies on a DNA template, 
oligonucleotide primers, deoxynucleoside triphosphates (dNTPs), and a thermally stable 
DNA polymerase. As the sample is heated to denature the template sequence and 
subsequently cooled, these components work in concert to synthesize new copies of the 
template DNA. Under ideal conditions, the amount of DNA is doubled with each 
heating/cooling cycle, typically using an instrument known as a thermocycler. After 30-
40 cycles, millions or billions of copies of template DNA can be obtained. Following 
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amplification, the DNA amplicons are often separated using agarose gel electrophoresis 
and detected with fluorescent gel stains such as ethidium bromide or SYBR Safe that 
 
Figure 1-4. Schematic of PCR amplification. Initially, template DNA is (1) denatured 
using elevated temperature and then (2) cooled, allowing short DNA primers to hybridize 
to the template. The reaction temperature is then either held constant or slightly increased 
to permit (3) extension of the primers, doubling the number of copies of DNA template 
that can be subsequently amplified using steps 1 through 3. 
 
fluoresce when bound to double-stranded DNA. By capturing images of the separated 
PCR products, semi-quantitative information can be gleaned from software tools using 
image densitometry (e.g., ImageJ or GelAnalyzer). The detection of PCR products after 
amplification is known as end-point PCR and is useful for cloning, sequencing, and DNA 
diagnostics.  
Real-time quantitative PCR (qPCR) is a technique in which the DNA amplicon is 
detected in real-time as it accumulates in the reaction mixture.37 In addition to providing 
quantitative information, qPCR does not require a post-amplification electrophoretic 
separation step thereby dramatically reducing the time required for DNA analysis. In 
qPCR, each heating/cooling cycle is followed by a fluorescence measurement that relies 
on non-specific double-stranded DNA binding dyes (e.g., SYBR Green I) or sequence-
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specific fluorophore and quencher dual-labeled hydrolysis probes that provide an 
increasing fluorescence signal with the accumulation of DNA amplicon. The resulting 
fluorescence is plotted in an amplification curve that facilitates quantification by relating 
the quantification cycle (Cq) to the amount of DNA in the initial reaction mixture. A 
representative qPCR amplification curve is shown in Figure 1-5. The Cq for a given  
 
Figure 1-5. qPCR amplification curves generated from samples that contained relatively 
more (blue trace) and relatively less (red trace) initial DNA template. 
 
reaction is determined by the intersection of the amplification curve and a fixed 
fluorescence threshold set above the baseline. Samples that produce a lower Cq indicate a 
greater initial quantity of DNA in the reaction mixture than samples that produce higher 
Cq values. A calibration curve can be constructed from serial dilutions of DNA template 
and the Cq values plotted versus the log of the initial concentration of DNA in the 
reaction mixture. Given a qPCR amplification system that doubles the amount of DNA 
with each cycle, the reaction efficiency is defined as 100%. The qPCR efficiency (E) can 
be calculated from Equation 1 where slope is the slope of the calibration curve. 
E =  [10( !!!"#$%) − 1] × 100  (1) 
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In general the efficiency of a qPCR system should be between 90 and 110%. Deviations 
from this range of efficiencies often indicate poor DNA quality, contamination, 
impurities, or pipetting errors.38  
1.4 Approaches to the long-term storage and preservation of DNA 	
Within a cell, numerous control mechanisms maintain the structural integrity of DNA 
over the course of an organism’s lifetime.39 However, DNA is susceptible to a host of 
degradation mechanisms including hydrolysis, depurination, oxidation, shearing, and 
enzymatic degradation, particularly when removed from the protective and regenerating 
environment of the cell.40 These chemical transformations to the primary structure of 
DNA not only have significant biological implications (e.g., mutagenesis or 
carcinogenesis), but present major analytical challenges such as poor accuracy or 
reproducibility when studying damaged DNA material. DNA stability is particularly 
important for longitudinal studies or instances in which DNA samples cannot be 
immediately analyzed after sample collection and require storage for an extended period 
of time.41 During storage, DNA is particularly vulnerable to degradation by enzymes 
known as deoxyribonucleases (DNases). As a result, conditions for the long-term storage 
of DNA must be carefully controlled to ensure that the nucleic acid remains intact. 
Common approaches for the long-term preservation of DNA involve freezing and/or 
dehydration in order to prevent hydrolysis and minimize the enzymatic activity of 
contaminating DNases. One of the most common methods involves storage of DNA in an 
aqueous buffer at approximately −80 °C. Alternatively, DNA samples can be precipitated 
using ethanol or dehydrated by lyophilization and subsequently stored under cryogenic 
conditions. After the requisite storage time, the nucleic acid is thawed or reconstituted in 
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buffer for downstream analysis. However, numerous freeze/thaw cycles are known to 
result in DNA degradation,42 possibly by a shearing mechanism. Additionally, 
maintaining cryogenic conditions is energy intensive and can represent a considerable 
economic burden particularly for the enormous number of DNA samples preserved by 
forensic laboratories, research facilities, and biobanks (i.e., large repositories for 
biological samples).  
In order to address the aforementioned limitations of cryogenic storage, room 
temperature preservation of DNA has been explored using a variety of materials. 
Synthetic polymers (e.g., DNAstable or GenTegra-DNA) applied for the room 
temperature preservation of DNA dehydrate the biomolecule by interacting with the 
minor groove and displacing water molecules from the DNA backbone in a process 
similar to anhydrobiosis.43,44 DNA can be reconstituted in aqueous solution after the 
storage duration and subsequently amplified by PCR to evaluate structural integrity. 
DNA can be stabilized using this method for several months at room temperature. 
However, it is important to note that these studies did not investigate the effects of 
contaminating nucleases that may severely compromise the primary structure of the DNA 
sample. 
By capitalizing on the strong intermolecular interactions between the IL and DNA 
structure, ILs have been explored as solvents for the preservation of nucleic acids. 
Imidazolium and choline-based ILs have exhibited excellent storage capabilities for DNA 
as well as RNA for up to 1 year at room temperature.45-47 Chandran and co-workers have 
shown that ILs can bind to the minor groove of DNA and displace water molecules while 
retaining the secondary structure of the nucleic acid.48 Furthermore, ILs can provide a 
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chemical environment that protects nucleic acids from degradation by nucleases. Apart 
from stabilizing nucleic acids, it appears that IL cations and anions also have a 
destabilizing effect on the structure of nucleases as a function of their chaotropicity.49 
Nonetheless, one or more sample handling steps are required to reconstitute nucleic acids 
in a medium suitable for long-term storage, increasing the likelihood of sample 
contamination with exogenous DNA or DNases. 
1.5 Brief overview of sample preparation methods for the detection of bacteria 	
Bacterial contamination of foods, clinical settings, or water supplies poses a 
significant threat to public health. Central to the proper assessment of risks associated 
with pathogenic bacteria is the rapid detection and identification of contaminating 
microorganisms. Since some pathogens can cause illness at extremely low levels, 
regulatory agencies have imposed strict limits on the number of colony forming units 
(CFUs) of bacteria that are permissible in consumer products.50 For example, the USDA 
maintains a “zero-tolerance” policy for certain Gram-negative bacteria including 
Escherichia coli O157:H7 in foodstuffs.51,52 Microbiological culture is a popular method 
for the detection of pathogens since it can provide positive identification and evidence of 
organism viability. However, the lengthy incubation times required for detection have led 
to the emergence of nucleic acid amplification technologies as alternative or 
complementary approaches to culture-based methods. Despite the high sensitivity 
afforded by both culture-based and nucleic acid amplification detection, complex food, 
environmental, or clinical samples often contain inhibitors that diminish the sensitivity or 
accuracy of pathogen detection.53,54 As a result, the preconcentration of bacteria prior to 
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detection is required in order to achieve the extremely low limits of detection mandated 
by regulatory agencies. 
 Enrichment cultures are the most common approaches to preconcentrating bacteria 
for unambiguous pathogen detection. Specific strains of bacteria can be enriched by 
incubating samples with an organism-selective liquid nutrient broth over the course of 
several hours to days, depending on the identity of the bacteria.55 Since culture-based 
enrichment methods are inexpensive and can be performed by personnel with limited 
training/expertise, these approaches are most commonly employed prior to downstream 
detection methods. However, the delay time required for enrichment cultures represents a 
significant bottleneck in the analytical workflow and severely limits sample throughput 
for the detection of pathogens.  
In order to achieve lower detection limits without the time-consuming incubation 
times that hinder enrichment cultures, centrifugation or filtration can be employed for the 
enrichment of bacteria. Centrifugation is suitable for the isolation of bacteria from liquid 
samples with minimal suspended particles or sediments and represents a rapid means to 
preconcentrate bacteria. Similarly, filtration can be employed with carefully selected pore 
sizes that facilitate either retention or passage of bacteria for enrichment. However, both 
of these techniques lack selectivity for bacteria species that may result in diminished 
assay sensitivity due to background flora. Furthermore, filters can become clogged by 
complex food samples and/or may foul easily, precluding their continuous use for large 
sample volumes.56 
Magnetic sorbents provide a mobile substrate that can be easily controlled with a 
magnetic field for rapid capture and isolation of bacteria. In magnet-based approaches, a 
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functionalized magnetic bead/particle is dispersed in the sample to facilitate the 
extraction of bacteria. Cells that are adsorbed onto the magnetoactive substrate are 
collected by application of an external magnetic field. After the cells are washed to 
remove unwanted interferences, the captured bacteria are released in a small volume of 
desorption solution that is compatible with downstream analysis. Magnetic beads and 
particles can be functionalized with antibodies that target antigens present on the cell wall 
of bacteria in order to impart selectivity for specific serotypes.57,58 This approach is 
particularly useful for samples that contain high concentrations of background flora. 
However, antibody-coated magnetic beads/particles are expensive and exhibit poor 
stability under harsh conditions.59 As a result, new magnet-based approaches that are 
capable of rapidly and selectively extracting pathogenic bacteria are needed to improve 
the detection of pathogenic bacteria in commodities and clinical settings. 
1.6 Organization of the dissertation 	
Chapter 2 describes the application of hydrophobic MILs for the extraction of DNA 
from aqueous solution and biological samples. Three MILs were investigated for their 
DNA extraction efficiencies and a magnet-based method was optimized for purifying 
DNA from samples containing albumin as well as bacterial cell lysate. DNA 
preconcentrated by the MIL solvent was recovered and successfully amplified using 
PCR. Sequencing of DNA that was extracted by the MIL revealed no detectable changes 
to the primary structure of the nucleic acid. 
Chapter 3 describes the direct PCR amplification of DNA from MIL solvents. In this 
study, the cation and anion components of iron(III)-based MILs were found to inhibit 
PCR. However, a PCR buffer was developed that included additional MgCl2 cofactor, 
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iron(III) chelators, albumin, and a higher buffer capacity in order to mitigate the 
inhibitory effects of MILs on the enzymatic amplification process. The buffer was 
successfully interfaced with MIL-based extraction thereby circumventing DNA recovery 
steps and dramatically decreasing the overall analysis time. 
Chapter 4 describes a method for sequence-specific DNA extraction using MILs and 
synthetic hybridization probes known at ion-tagged oligonucleotides (ITOs). Motivated 
by the drawbacks of magnetic bead-based approaches, the study established the first 
liquid-phase sequence-specific nucleic acid extraction method. ITOs were synthesized 
using thiol-ene click chemistry and extensively characterized by liquid chromatography 
time-of-flight mass spectrometry (LC-TOFMS), denaturing polyacrylamide gel 
electrophoresis (PAGE), and melt curve analysis. ITOs with long alkyl chains exhibited 
superior partitioning to the hydrophobic MIL, providing a platform suitable for the 
capture of specific DNA sequences. Compared to a commercially available magnetic 
bead-based method, the ITO-MIL approach yielded 10-fold greater quantities of target 
DNA extracted from a pool of interfering genomic DNA. Furthermore, the ITO-MIL 
method was compatible with direct capture of DNA sequences from a crude cell lysate. 
Chapter 5 describes an approach to extract and subsequently store DNA within a MIL 
solvent for an extended period of time at room temperature. Hydrophobic MILs were 
found to preserve the structure and molecular weight of DNA for up to 72 h at room 
temperature when treated with excess amounts (20 U) of DNase I. By comparison, DNA 
stored in aqueous solution under the same conditions was completely degraded and could 
not be detected by PCR. DNase I was found to partition between the MIL and aqueous 
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solution, indicating that the MIL not only stabilized the structure of DNA, but also 
destabilized and diminished the activity of DNase I. 
Chapter 6 describes a MIL-based method for the preconcentration of viable E. coli from 
liquid samples coupled to culture-based and nucleic acid diagnostics. Of the seven MILs 
studied, the MIL containing Ni(II) in the anion component provided the highest 
enrichment factors (EF = 46) for viable E. coli. The optimized MIL extraction approach 
utilized a nutrient broth for back-extraction of viable cells and enabled the detection of E. 
coli concentrations as low as 100 CFU mL−1 in 2 mL aqueous samples using qPCR for 
detection. The MIL-based method was successfully applied for the detection of E. coli in 
milk samples, where a matrix effect was responsible for diminished bacteria recoveries, 
but did not preclude detection down to 104 CFU mL−1. 
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CHAPTER 2 	
EXTRACTION OF DNA BY MAGNETIC IONIC LIQUIDS: TUNABLE 
SOLVENTS FOR RAPID AND SELECTIVE DNA ANALYSIS 
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Abstract 	
DNA extraction represents a significant bottleneck in nucleic acid analysis. In this 
study, hydrophobic magnetic ionic liquids (MILs) were synthesized and employed as 
solvents for the rapid and efficient extraction of DNA from aqueous solution. The DNA-
enriched microdroplets were manipulated by application of a magnetic field. The three 
MILs examined in this study exhibited unique DNA extraction capabilities when applied 
towards a variety of DNA samples and matrices. High extraction efficiencies were 
obtained for smaller single-stranded and double-stranded DNA using the 
benzyltrioctylammonium bromotrichloroferrate(III) ([(C8)3BnN+][FeCl3Br−]) MIL, while 
the dicationic 1,12-di (3-hexadecylbenzimidazolium) dodecane 
bis[(trifluoromethyl)sulfonyl]imide bromotrichloroferrate(III) ([(C16BnIM)2C122+][NTf2−, 
FeCl3Br−]) MIL produced higher extraction efficiencies for  larger DNA molecules. The 
MIL-based method was also employed for the extraction of DNA from a complex matrix 
containing albumin, revealing a competitive extraction behavior for the 
trihexyl(tetradecyl)phosphonium tetrachloroferrate(III) ([P6,6,6,14+][FeCl4−]) MIL in 
contrast to the [(C8)3BnN+][FeCl3Br−] MIL, which resulted in significantly less co-
extraction of albumin. The MIL-DNA method was employed for the extraction of 
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plasmid DNA from bacterial cell lysate. DNA of sufficient quality and quantity for 
polymerase chain reaction (PCR) amplification was recovered from the MIL extraction 
phase, demonstrating the feasibility of MIL-based DNA sample preparation prior to 
downstream analysis. 
2.1 Introduction 	
Nucleic acids are biopolymers that have powerful and fundamental implications on 
the development of every organism. Their applications in the life sciences have included 
the identification of DNA biomarkers in blood,1 DNA-based therapeutics,2 the study of 
ancient populations,3,4 bioprospecting,5 analysis of DNA from biopsies,6 and 
understanding gene-disease relationships.7 Research in these areas is fueled by the wealth 
of information made available through polymerase chain reaction (PCR), hybridization 
assays, and the various DNA sequencing methods. Unfortunately, the reliability of 
experimental results obtained from these techniques is limited by the complexity of 
isolating highly pure DNA from a cellular matrix or complex environmental samples. 
Proteins, small organic molecules, polysaccharides, and phospholipids are interfering 
agents that often challenge downstream applications.8-10 Sensitive methods such as mass 
spectrometry or PCR that are preferred or necessary when only minute quantities of DNA 
are available are particularly affected by interfering compounds.11-13 While numerous 
methodologies have been employed for the purification and preconcentration of DNA,14 
nucleic acid extraction remains a formidable bottleneck in many laboratories.  
Traditionally, liquid-liquid extraction (LLE) with phenol-chloroform was used for the 
purification of DNA from biological samples.15 Several adaptations to this method 
involving the addition of detergents to assist in the removal of proteins and 
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polysaccharides have been made.8,11 However, the dependence of these protocols on 
organic solvents and often time-consuming centrifugation steps has resulted in the 
development of more environmentally benign techniques that are capable of high sample 
throughput. In this realm, solid phase extraction (SPE) has been employed for the 
isolation of DNA prior to downstream analysis.16-18 SPE technologies are primarily 
reliant upon the affinity of DNA toward a sorbent phase, commonly silica-based, in the 
presence of high ionic strength and/or chaotropic salts.19 DNA retained on the SPE 
material is washed to remove interfering proteins, salts, and other cellular components, 
and subsequently eluted with low ionic strength buffer. Several commercially available 
DNA extraction kits utilize SPE for DNA preconcentration and purification. While 
solvent consumption and analysis times are reduced in these approaches, they suffer from 
high cost per sample, particularly when the method involves the use of magnetic beads. 
Additionally, the recovery and purity of DNA is highly variable from kit to kit.20 SPE 
approaches have also been incorporated into microfluidic domains for the purification of 
DNA.21 Although reagent consumption is further reduced, these devices may require 
specialized equipment for fluid manipulation.22  
Recently, ionic liquids (ILs) have been explored as solvents in nucleic acid 
applications. ILs are organic molten salts that possess melting points at or below 100 ˚C. 
Owing to the broad range of potential cation and anion combinations, ILs may be tailored 
to interact with a variety of important biomolecules.23,24 Careful engineering of the IL 
structure has given rise to innovative DNA extraction systems,25,26 ion conductive DNA 
films,27 and DNA preservation media.28 Wang and co-workers described a LLE method 
in which DNA was extracted from aqueous solution using the 1-butyl-3-
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methylimidazolium hexafluorophosphate ([BMIM+][PF6−]) IL.25 They suggested that the 
extraction was driven by electrostatic interactions between the IL cation and the 
negatively charged phosphate backbone of DNA. In a more recent study, our group 
investigated the extraction performance of several ILs using an in situ dispersive liquid-
liquid microextraction (DLLME) technique.26 Several important structural features of the 
cation were found to promote hydrophobic and hydrogen bonding interactions with DNA. 
For example, the 1-(1,2-dihydroxypropyl)-3-hexadecylimidazolium bromide 
([C16POHIM+][Br−]) IL exhibited high extraction efficiencies for duplex DNA using very 
small volumes of the IL extraction solvent. Although structural engineering of the ILs 
offered high extraction efficiencies, manipulation of the resulting DNA-enriched IL 
microdroplet proved to be a challenge.  
Magnetic extraction phases have been employed in nucleic acid analysis as mobile 
substrates for the rapid extraction of DNA. In magnet-based approaches, the DNA-
enriched extraction medium is readily isolated and controlled by application of an 
external magnetic field. Functionalized magnetic beads are commonly used in forensics 
and drug discovery applications to increase sample throughput by eliminating the need 
for tedious centrifugation steps.29,30 Although magnet-based extractions are capable of 
recovering highly pure nucleic acids, variable extraction efficiencies ranging from as low 
as 40% to 70% have been reported when using DNA IQ™ paramagnetic beads.29 The 
development of magnetic IL solvents for analytical extractions has the potential to 
profoundly impact nucleic acid analysis by combining the tunability of the IL with the 
magnetic nature of the solvent. Compared to existing methodologies, there are several 
benefits to a magnetic IL-based DNA extraction approach. The ability to tailor the IL 
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structure to achieve favorable electrostatic interactions with the phosphate backbone of 
DNA can provide enhanced extraction efficiency. Additionally, recovery of the DNA-
enriched extraction phase by the application of a magnetic field has the potential to 
significantly reduce the time required for sample preparation. The ability to magnetically 
modulate the IL can also be exploited in downstream analysis, such as injection into 
microfluidic devices.  
Magnetic ionic liquids (MILs) are a special subclass of ILs that retain the unique, 
tunable physicochemical properties of traditional ILs while also exhibiting a strong 
susceptibility to external magnetic fields. Several magnetoactive ILs have been 
previously reported in the literature containing high-spin transition metals such as 
iron(III), gadolinium(III), and dysprosium(III).31-33 Recently, Deng and co-workers 
employed the trihexyl(tetradecyl)phosphonium tetrachloroferrate(III) MIL for the 
extraction of phenolic compounds from aqueous solution.34 However, the use of MILs as 
solvents in the preconcentration and purification of biomolecules has never been 
explored. This is likely due to the challenge of designing a MIL extraction medium that 
exhibits both magnetic susceptibility and sufficient hydrophobic character to achieve 
phase separation in an aqueous sample environment upon exposure to an applied 
magnetic field.  
This study constitutes the first report involving the extraction of DNA using 
hydrophobic MILs. In total, three hydrophobic MILs, namely 1,12-bis[N-(N’-
hexadecylbenzimidazolium)dodecane bis[(trifluoromethyl)sulfonyl]imide 
bromotrichloferrate(III) ([(C16BnIM)2C122+][NTf2−, FeCl3Br−]) benzyltrioctylammonium 
bromotrichloroferrate(III) ([(C8)3BnN+][FeCl3Br−]), and trihexyl(tetradecyl)phosphonium 
	 26 
tetrachloroferrate(III) ([P6,6,6,14+][FeCl4−]), were employed for the direct extraction of 
DNA from an aqueous solution. Isolation of the extraction phase was achieved by 
applying an external magnetic field, thereby circumventing time-consuming 
centrifugation steps. The optimized MIL-based extraction procedures are capable of 
performing rapid and highly efficient extraction of double-stranded and single-stranded 
DNA from a matrix containing metal ions and protein. Plasmid DNA (pDNA) extracted 
from a bacterial cell lysate using the MIL-based method was shown to be a high quality 
template for PCR. 
2.2 Experimental 	
2.2.1 Reagents. Benzimidazole, trioctylamine, 1,12-dibromododecane, and guanidine 
hydrochloride (GuHCl) were purchased from Acros Organics (NJ, USA). 
Trihexyl(tetradecyl)phosphonium chloride was purchased from Strem Chemicals 
(Newburyport, MA, USA). Deuterated chloroform was obtained through Cambridge 
Isotope Laboratories (Andover, MA, USA). Iron(III) chloride hexahydrate (FeCl3•6H2O), 
1-bromohexadecane, benzylbromide, sodium dodecyl sulfate (SDS), albumin from 
chicken egg white, and DNA sodium salt from salmon testes (stDNA, approximately 20 
kbp) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride, 
sodium hydroxide, potassium chloride, calcium chloride dihydrate, magnesium chloride 
hexahydrate, potassium acetate, silica gel sorbent (230-400 mesh), and 
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) were purchased from Fisher 
Scientific (Fair Lawn, NJ, USA). Synthetic oligonucleotides including duplex (20 bp, 
molecular weight = 12,232 Da), single-stranded DNA oligonucleotides (33 mer, 
molecular weight = 10,075 Da), and primers were purchased from IDT (Coralville, IA, 
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USA). The pET-32 plasmid was obtained from EMD Millipore (Billerica, MA, USA). 
NEB 5-alpha Competent Escherichia coli cells and Phusion High-Fidelity DNA 
Polymerase were obtained from New England Biolabs (Ipswich, MA, USA). Agarose and 
tris(hydroxymethyl)aminomethane (Tris) were obtained from P212121 (Ypsilanti, MI, 
USA). A 1 Kb Plus DNA Ladder (250-25,000 bp) was obtained from Gold 
Biotechnology, Inc. (St. Louis, MO, USA) with SYBR® Safe DNA gel stain and 
bromophenol blue being supplied by Life Technologies (Carlsbad, CA, USA) and Santa 
Cruz Biotech (Dallas, TX, USA), respectively. QIAquick Gel Extraction Kit and 
QIAamp DNA Mini Kit were purchased from QIAgen (Valencia, CA, USA). Deionized 
water (18.2 MΩ cm) obtained from a Milli-Q water purification system was used for the 
preparation of all solutions (Millipore, Bedford, MA, USA).  
2.2.2 Synthesis and Characterization of Hydrophobic Magnetic Ionic Liquids. 
Chemical structures of the three MILs investigated in this study are shown in Figure 2-1. 
The [P6,6,6,14+][FeCl4−] MIL was prepared using a previously reported procedure.32 The 
synthesis of two hydrophobic MILs, namely, [(C16BnIM)2C122+][NTf2−, FeCl3Br−] (1) and 
[(C8)3BnN+][FeCl3Br−] (2), was carried out as described in our recent work35 and is 
shown in Figure 2-S1. A detailed synthetic procedure is available in the Supporting 
Information. 1H NMR, 13C NMR, ESI-MS, and UV-Vis were used to characterize the 
three MILs, as shown in Figures 2-S2-S9. To illustrate the hydrophobic and paramagnetic 
behavior exhibited by the MILs, two videos are provided in the Supporting Information 
that show microdroplets of the benzyltrioctylammonium bromotrichloroferrate(III) MIL 
being magnetically modulated in an aqueous sample. 
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Figure 2-1. Structures of the three hydrophobic MILs examined in this study: (1) 
[(C16BnIM)2C122+][NTf2−, FeCl3Br−], (2) [(C8)3BnN+][FeCl3Br−], and (3) 
[P6,6,6,14+][FeCl4−]. 
 
2.2.3 Instrumentation. High performance liquid chromatography with UV detection was 
performed on a LC-20A liquid chromatograph (Shimadzu, Japan) consisting of two LC-
20AT pumps, a SPD-20 UV/Vis detector, and a DGU-20A3 degasser. Chromatographic 
separations were performed on a 35 mm × 4.6 mm i.d. × 2.5 µm TSKgel DEAE-NPR 
anion exchange column with a 5 mm × 4.6 mm i.d. × 5 µm TSKgel DEAE-NPR guard 
column from Tosoh Bioscience (King of Prussia, PA). The column was equilibrated with 
a mobile phase composition of 50:50 (A) 20 mM Tris-HCl (pH 8) and (B) 1 M NaCl/20 
mM Tris-HCl (pH 8). For stDNA analysis, gradient elution was performed beginning 
with 50% mobile phase B and increased to 100% B over 10 min. In the separation of 
ssDNA as well as DNA and albumin, the column was first equilibrated with 20 mM Tris-
HCl followed by gradient elution from 0% to 50% B over 10 min and then 50% to 100% 
B over 5 min. A flow rate of 1 mL min-1 was used for all HPLC separations. DNA and 
albumin were detected at 260 nm and 280 nm, respectively. 
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All extractions were performed in 4 mL screw cap vials. Isolation of the magnetic 
ionic liquid extraction phase was achieved using a cylinder magnet (B = 0.9 T) or rod 
magnet (B = 0.66 T) obtained from K&J Magnetics (Pipersville, PA). A Techne 
FTgene2D thermal cycler thermal cycler (Burlington, NJ, USA) was used for all PCR 
experiments. Agarose gel electrophoresis was performed in a Neo/Sci (Rochester, NY) 
electrophoresis chamber with a dual output power supply. Gels were visualized at 468 nm 
on a Pearl Blue Transilluminator (Pearl Biotech, San Francisco, CA). 
2.2.4 MIL-based Single Droplet Extraction. The procedure for the MIL-based static 
single droplet extraction (SDE) method was performed as shown in Figure 2-S10. 
Briefly, a 20 µL droplet of MIL was suspended from a magnetic rod (B = 0.66 T) and 
lowered into a 4.17 nM solution of stDNA buffered by 20 mM Tris-HCl (pH 8). After 5-
120 min, the MIL droplet was removed from the sample and a portion of the aqueous 
phase subjected to HPLC analysis to determine the concentration of DNA remaining after 
extraction. 
2.2.5 MIL-based Dispersive Droplet Extraction. The general MIL-based dispersive 
droplet extraction (DDE) approach employed in this study is depicted in Figure 2-S11. A 
4.17 nM solution of stDNA was prepared in 20 mM Tris-HCl (pH 8). An optimized 
volume of MIL (typically 20 µL) was added to the aqueous DNA solution and manually 
shaken for 5-60 s, resulting in a dispersion of the hydrophobic MIL in the aqueous phase. 
In the case of the [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL, it was gently heated prior to 
extraction. The vial was then placed in a 0.9 T magnetic field to facilitate the rapid 
isolation of MIL followed by HPLC analysis of a 20 µL aliquot of the aqueous phase. 
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2.2.6 Extraction of Synthetic Oligonucleotides and Duplex DNA. Solutions of 
synthetic oligonucleotides and duplex DNA were prepared such that the mass of DNA in 
aqueous solution was consistent with the experiments involving stDNA (100 µg of 
stDNA in 2 mL of Tris-HCl). For extractions of ssDNA, a 33 base oligonucleotide with 
sequence 5'- CAC CAT GAC AGT GGT CCC GGA GAA TTT CGT CCC -3' was 
dissolved in 20 mM Tris-HCl (pH 8) resulting in a final concentration of 1499 nM. In the 
case of synthetic dsDNA, an aqueous solution containing 1224 nM of 20 bp duplex 
(sequence: 5’- ATG CCT ACA GTT ACT GAC TT -3’ and its complementary strand) 
was prepared in 20 mM Tris-HCl (pH 8). Solutions containing single-stranded 
oligonucleotides or duplex DNA were subjected to MIL-based DDE with a 20 µL portion 
of the aqueous phase being analyzed by HPLC. 
2.2.7 Extraction of DNA from a Complex Matrix. Sample matrices containing either 
metal ions or protein (albumin) were prepared from stock solutions. A sample solution 
containing 388 mM NaCl, 153 mM KCl, 38.1 mM CaCl2·2H2O, 28.3 mM MgCl2•6H2O 
and 4.17 nM stDNA was extracted in triplicate using MIL-based DDE for all three MILs. 
For experiments involving protein as a matrix component, the samples were prepared at 
an albumin concentration of 3.4 µM and stDNA concentration of 4.17 nM with the pH 
varied from 3.5 to 8.  
2.2.8 PCR and DNA Sequence Analysis. For DNA sequence analysis, a modified pET-
32 plasmid containing an 879 bp gene encoding human 5’-methylthioadenosine 
phosphorylase (MTAP) was extracted using the [(C8)3BnN+][FeCl3Br−] MIL in the DDE 
approach. The pDNA-enriched MIL microdroplet was removed from solution using a 
0.66 T rod magnet and stored at room temperature for 24 h. Recovery of the pDNA was 
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achieved by dispersion of the MIL microdroplet in 200 µL of 20 mM Tris-HCl (pH 8) for 
2 min. A 2 µL aliquot of the aqueous phase was subjected to PCR using primers for the 
MTAP gene. The PCR products were separated by agarose gel electrophoresis and the 
band containing the MTAP gene was extracted from the gel using a QIAquick Gel 
Extraction Kit. An external DNA sequencing service (Eurofins Genomics, Huntsville, 
AL) performed sequence analysis of the MTAP gene amplified from the pDNA 
recovered from the MIL extraction phase.  
Amplification of the MTAP gene was performed using the primers 5’- TGC TGT 
TCC AGG GAC CT -3’ (molecular weight = 5,177.4 Da) and 5’- GAA TTC GGA TCC 
GGA CGC -3’ (molecular weight = 5,524.6 Da). A 2 µL aliquot of aqueous solution 
containing pDNA recovered from the MIL extraction phase was added to a PCR tube 
with 34.5 µL of DI H2O and 10 µL of 5X Phusion HF buffer. Primers and dNTPs were 
added to achieve a final concentration of 0.2 µM and 200 µM, respectively. Finally, 1 
unit of Phusion High Fidelity DNA polymerase was added to the reaction mixture. The 
total reaction volume was 50 µL. The following temperature program was used for 
amplification of MTAP: 5 min initial denaturation at 95 ˚C and 30 cycles comprised of a 
30 s denaturation step at 95 ˚C, a 45 s hold at 54 ˚C for annealing, and a 45 s elongation 
step at 72 ˚C. 
2.2.9 Recovery of DNA from the MIL Extraction Phase. Following MIL-based DDE 
of a 4.17 nM solution of stDNA, the DNA-enriched MIL microdroplet was first 
transferred into a microcentrifuge tube containing 1 mL of 3 M potassium acetate (pH 
4.8) and vortexed for 2 min, ensuring a homogenous solution. A silica sorbent column 
was constructed by measuring 750 mg of silica particles into a Pasteur pipet with the exit 
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end blocked by a glass wool frit. The column was conditioned with 2 mL of 6 M GuHCl 
and the sample subsequently loaded at approximately 1 mL min−1. The sorbent was 
flushed with 1 mL of isopropanol and the first fraction collected. Next, 750 µL of ethanol 
were added and the turbid solution centrifuged at 16,200 x g for 15 min. The pellet was 
washed with 80% ethanol for 1 min. The sample was centrifuged once more at 16,200 x g 
for 10 min and the supernatant decanted. The pellet was dried under an air stream, 
reconstituted in 100 µL of Tris-HCl (pH 8), and a 20 µL aliquot removed for HPLC 
analysis.  
As an alternative, a rapid approach to DNA recovery was employed. After MIL-based 
DDE, the DNA-enriched MIL microdroplet was collected from aqueous solution using a 
0.66 T rod magnet and immersed in 200 µL of Tris-HCl (pH 8) for 2 min. The 
microdroplet was then removed from solution and the aliquot subjected to PCR 
amplification. 
2.2.10 Extraction of DNA from Bacterial Cell Lysate. The conditions used to culture 
NEB 5-alpha Competent E. coli cells containing pDNA are described in the Supporting 
Information. A 10 mL aliquot of an overnight E. coli cell culture was centrifuged at 
16,200 x g for 5 min and resuspended in 300 µL of 20 mM Tris buffer containing 10 mM 
EDTA (pH 8). Lysozyme (200 µg) was added to the solution and incubated for 5 min at 
room temperature, followed by the addition of 600 µL of 0.2 N NaOH, 1% SDS (w/v). 
After gentle mixing of the solution, 400 µL of 3 M potassium acetate (pH 4.8) were 
added. The contents were thoroughly mixed and centrifuged at 16,200 x g for 10 min. A 
400 µL aliquot of the supernatant was transferred to a clean vial and the solution 
extracted using the MIL-based DDE approach. The pDNA was then recovered using 
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either the aforementioned silica-based or the rapid immersion procedure prior to PCR 
amplification. 
2.3 Results and Discussion 	
2.3.1 Structural Design of Hydrophobic MILs for DNA Extraction. The selection  of 
MILs as solvents for the rapid extraction of nucleic acids from aqueous solutions requires 
compounds that are highly hydrophobic while also possessing sufficient magnetic 
susceptibility. A recent study of the [BMIM+][FeCl4−] MIL in aqueous solution (less than 
20% (v/v) MIL) showed that phase separation did not occur upon application of a 1 T 
magnetic field.36 Consequently, relatively hydrophilic MILs have limited utility in 
aqueous extraction systems due to the high phase ratio required to avoid complete 
miscibility of the MIL.  
Common strategies for imparting hydrophobicity to ILs involve selection of a non-
coordinating, hydrophobic anion and/or functionalization of the IL cation. The 
incorporation of anions such as [NTf2−] generally reduces the solubility of ILs in water, 
but also precludes the use of paramagnetic anions, such as [FeCl4−]. In an effort to 
develop sufficiently hydrophobic MILs that still possess paramagnetic behavior, a 
dicationic platform with [NTf2−]/[FeCl3Br−] heteroanions was chosen. As shown in 
Figure 2-1, the [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL takes advantage of this 
approach and is comprised of both hydrophobic and paramagnetic anions. Although a 
greater magnetic moment can be achieved by employing two [FeCl3Br−] anions in a 
dicationic MIL, increased water-miscibility is also observed.37 The cationic portions of 
the [(C16BnIM)2C122+][NTf2−, FeCl3Br−] and [(C8)3BnN+][FeCl3Br−] MILs are 
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functionalized with long alkyl chains and benzyl moieties, which significantly increases 
their overall hydrophobicity.  
2.3.2 Optimization of DNA Extraction Mode. The amount of DNA extracted by the 
hydrophobic MIL extraction phases was evaluated indirectly by subjecting an aliquot of 
the post-extraction aqueous phase to HPLC analysis. An external calibration curve for 
both dsDNA and ssDNA was established and used to calculate the DNA concentration in 
aqueous solution. Values of extraction efficiency (E) were obtained using the relationship 
between the DNA concentration in the aqueous phase following extraction (Caq) and the 
concentration of DNA in the standard solution (Cst), as shown in Equation 1.  
                         Equation 1 
Time-consuming centrifugation steps in extraction and purification protocols 
represent a major bottleneck in nucleic acid sample preparation. In the development of 
MIL-based DNA extraction methods, considerable attention was given to the 
compromise between extraction time and efficiency. Identical volumes of MIL were used 
to extract DNA from an aqueous solution using both SDE and DDE modes. An obvious 
advantage of DDE over SDE is the dynamic mixing of the MIL extraction solvent with 
the aqueous medium, which allows for rapid distribution of DNA between the two 
phases. This is illustrated in Table 2-1 where the extraction efficiency of stDNA is shown 
for the [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL using both SDE and DDE modes. The 
relatively low extraction efficiencies observed for the SDE technique, particularly at short 
extraction times, are likely due to less available MIL surface area for interaction with 
DNA when compared to DDE. The precision of each extraction mode ranged from 1.6 to 
8.7% and 0.4 to 3.4% for SDE and DDE, respectively, using triplicate extractions. While  
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Table 2-1. Comparison of single droplet and dispersive droplet extraction modes for the 
extraction of stDNA from an aqueous solution using the [(C16BnIM)2C122+][NTf2−, 
FeCl3Br−] MIL. 
Single Droplet Extractiona 
Time (min) % Extraction Efficiency (n=3) %RSD 
10 5.5 1.6 
20 33.3 3.0 
30 40.5 8.7 
60 60.3 3.3 
90 61.6 8.6 
120 63.1 4.1 
Dispersive Droplet Extractionb 
Time (s)c % Extraction Efficiency (n=3) %RSD 
5 76.8 3.4 
30 75.6 0.4 
60 79.3 2.3 
120 76.5 2.1 
300 77.0 1.2 
aConditions: DNA concentration: 4.17 nM; volume of MIL: 20 µL; total solution volume: 
2 mL; pH 8. bConditions: Manual agitation time: 30 s; all other experimental parameters 
unchanged. cRefers to duration of applied magnetic field.  
 
the SDE mode required 2 h to achieve an extraction efficiency of 63.1%, the DDE mode 
provided efficiencies greater than 76% after just 30 s of dynamic mixing and 5 s of phase 
isolation by exposure to a magnetic field. No appreciable gain in extraction efficiency 
was observed when the magnetic field was applied at time points greater than 5 s. 
Therefore, DDE was selected as the optimum extraction mode for subsequent DNA 
extractions using the three hydrophobic MILs. 
2.3.3 Effect of MIL Volume on Extraction Efficiency. The effect of MIL volume on 
extraction efficiency was investigated for the [(C16BnIM)2C122+][NTf2−, FeCl3Br−] and 
[P6,6,6,14+][FeCl4−] MILs. A 2 mL solution of 4.17 nM stDNA was extracted using MIL 
volumes ranging from 10-25 µL. As shown in Figure 2-S12, larger volumes of extraction 
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solvent provided improved DNA extraction efficiencies for both MILs. Higher extraction 
efficiencies were obtained using the monocationic [P6,6,6,14+][FeCl4−] MIL compared to 
the dicationic [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL, even at larger droplet volumes. 
A significant increase in extraction efficiency was observed for the 
[(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL when the MIL microdroplet volume was 
increased from 15 µL to 20 µL, suggesting a saturation effect at lower volumes of 
extraction solvent.25,26 However, the enhancement of extraction efficiency for the 
[P6,6,6,14+][FeCl4−] MIL was much less pronounced. Because 20 µL and 25 µL showed 
similar extraction efficiencies, the smaller microdroplet volume was used in subsequent 
studies. It is important to note that all three MILs examined in this study retained their 
hydrophobic character and exhibited phase separation when subjected to the external 
magnetic field, even at very low microdroplet volumes (e.g., 10 µL). 
2.3.4 Effect of pH on Extraction Efficiency. The pH of environmental or biological 
DNA sample solutions is often variable and may have implications on the extraction 
behavior of interfering matrix components. As pH adjustments are often employed in 
sample pretreatment steps to minimize the co-extraction of contaminants,38,39 it is 
important to examine its effect on the MIL-based extraction of DNA. To investigate the 
effect of pH on extraction efficiency, solutions of stDNA ranging from pH 2.5-10.9 were 
prepared and subjected to MIL-based DDE. The phosphate groups of DNA molecules 
possess pKa values below the studied pH range. Therefore, it is expected that they bear 
negative charges capable of favorable electrostatic interactions with the MIL cation.40 As 
shown in Figure 2-2, the [P6,6,6,14+][FeCl4−] MIL exhibited extraction efficiencies greater  
	 37 
 
Figure 2-2. Effect of aqueous solution pH on the extraction efficiency of stDNA using 
MIL-based dispersive droplet extraction. Open squares ( ) represent the 
[P6,6,6,14+][FeCl4−] MIL while diamonds ( ) indicate the [(C16BnIM)2C122+][NTf2−, 
FeCl3Br−] MIL. 
 
than 87% across the pH range studied. Furthermore, the extraction efficiency of stDNA 
for the [P6,6,6,14+][FeCl4−] MIL showed little dependence on the pH of the solution. In 
contrast, a considerable decrease in extraction efficiency was observed when the 
[(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL was used to extract stDNA from increasingly 
basic solutions. In an effort to maintain high extraction efficiency while avoiding the 
harsh pH extremes that may compromise the structural integrity of DNA, pH 8 was 
selected for subsequent extractions.  
2.3.5 Extraction of Single-Stranded Oligonucleotides and Duplex DNA. Short length 
nucleic acids play a central role in molecular recognition and hybridization applications.2 
To investigate the feasibility of extracting smaller DNA molecules, MIL-based extraction 
was applied to short length single-stranded oligonucleotides and duplex DNA. As shown 
in Table 2-2, the extraction of low molecular weight dsDNA and ssDNA appears to be 
MIL-dependent. In the case of the [(C8)3BnN+][FeCl3Br−] MIL, extraction efficiencies of  
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Table 2-2. Extraction efficiencies of dsDNA and ssDNA using the three hydrophobic 
MILs. 
MIL 
% Extraction 
Efficiency of  
20 kbp stDNAa 
(n=3) 
% Extraction 
Efficiency of  
20 bp dsDNAb 
(n=3) 
% Extraction 
Efficiency of  
33-mer ssDNAc 
(n=3) 
[(C16BnIM)2C122+] [NTf2−, 
FeCl3Br−] 
76.8 ± 2.6 64.0 ± 1.1 67.7 ± 3.0 
[(C8)3BnN+][FeCl3Br−] 41.0 ± 0.9 69.3 ± 4.4 57.6 ± 5.0 
[P6,6,6,14+][FeCl4−] 93.8 ± 0.6 91.4 ± 0.3 94.0 ± 0.2 
aConditions: 4.17 nM; total solution volume: 2 mL; pH 8; volume of MIL: 20 µL; manual 
agitation time: 30 s. bConditions: 1224 nM; other conditions held constant. cConditions: 
1499 nM; other conditions held constant. 
 
69.3% and 57.6% were observed for 20 bp DNA and 33-mer ssDNA, respectively. 
However, the same MIL produced an extraction efficiency of only 41.0% for stDNA 
indicating that it appears to preferentially extract smaller oligonucleotides. In contrast, 
the dicationic MIL exhibited higher extraction efficiency values for stDNA than the 20 
bp dsDNA, while the [P6,6,6,14+][FeCl4−] MIL provided extraction efficiencies exceeding 
91% for stDNA, 20 bp dsDNA, and ssDNA. These preliminary data indicate that it may 
be possible to design MILs that are selective for particular sizes of oligonucleotides or 
duplex DNA.  
2.3.6 Extraction of DNA from a Complex Matrix. Components of biological samples, 
such as metal ions and proteins, are known to diminish the sensitivity and reproducibility 
of nucleic acid analysis.9 In some cases, the viability of downstream experiments may be 
compromised if the sample is not sufficiently purified from contaminants.10,11 Thus, it is 
important to determine the effect of biologically relevant impurities on MIL-based DNA 
extraction. To study this, a complex matrix was simulated through the addition of metal 
ions or proteins (albumin) to an aqueous solution of DNA.  
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The extraction performance of the [(C16BnIM)2C122+][NTf2−, FeCl3Br−], 
[(C8)3BnN+][FeCl3Br−], and [P6,6,6,14+][FeCl4−] MILs was evaluated for 20 kbp stDNA in 
the presence of NaCl, KCl, CaCl2·2H2O, and MgCl2•6H2O. Figure 2-S13 shows that the 
extraction efficiency for the dicationic [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL was 
somewhat diminished by the addition of the mono and divalent metal ions, in contrast to 
what was observed for monocationic imidazolium-based ILs.25 A very small to negligible 
variation in extraction efficiencies was observed for the [(C8)3BnN+][FeCl3Br−] and 
[P6,6,6,14+][FeCl4−] MILs.  
The effect of protein on the extraction efficiency of DNA was studied by preparing 
aqueous 20 kbp stDNA solutions containing albumin as a model protein. The extraction 
efficiencies of both stDNA and albumin were monitored over a pH range from 3.5 to 8. 
As shown in Figure 2-3, each of the three studied MILs exhibited unique extraction 
behavior in the presence of stDNA and albumin. Figure 2-3A shows that high extraction 
efficiencies for both stDNA and albumin were obtained using the dicationic 
[(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL at pH 8. Interestingly, a comparison of Figure 
2-2 and Figure 2-3A reveals that the extraction efficiencies of stDNA in the absence of 
albumin were similar to those observed after albumin had been spiked into the aqueous 
solution. However, Figure 2-2 and Figure 2-3B show that the extraction efficiency of 
stDNA for the [P6,6,6,14+][FeCl4−] MIL was decreased by 46% in the presence of albumin 
at pH 8. As shown in Figure 2-3C, the [(C8)3BnN+][FeCl3Br−] MIL provided relatively 
lower extraction efficiencies of stDNA across the pH range studied.  
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Figure 2-3. Effect of hydrophobic MIL type, pH, and albumin on the extraction 
efficiency of 20 kbp stDNA: (A) [(C16BnIM)2C122+][NTf2−, FeCl3Br−], (B) 
[P6,6,6,14+][FeCl4−], and (C) [(C8)3BnN+][FeCl3Br−]. Diamonds ( ) represent extraction 
efficiency values of stDNA and circles ( ) denote extraction efficiencies of protein. 
 
With an isoelectric point of 4.6, albumin possesses an overall negative charge at 
higher pH and may compete with DNA by also engaging in electrostatic interactions with 
the MIL cation.41 To examine this effect, the pH of the sample solution was lowered 
which resulted in a corresponding decrease in the amount of extracted albumin for the 
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[P6,6,6,14+][FeCl4−] and [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MILs. Furthermore, lowering 
of the sample pH significantly enhanced the extraction efficiency of stDNA for the 
[P6,6,6,14+][FeCl4−] MIL. Although these results seem to suggest that electrostatic 
interactions between the MIL and albumin are diminished at low pH, co-extraction of 
albumin was still observed for all three MILs investigated. This may be due to 
interactions between the hydrophobic amino acid side chains of albumin and the long 
alkyl groups of the MIL cations that promote the extraction of protein, regardless of 
solution pH.41 As shown in Figure 2-3C, the co-extraction of albumin was less 
pronounced when employing the [(C8)3BnN+][FeCl3Br−] MIL. Although it extracted less 
stDNA compared to the other two MILs, the [(C8)3BnN+][FeCl3Br−] MIL exhibited an 
albumin extraction efficiency of just 5.0% at pH 4.4 while the [(C16BnIM)2C122+][NTf2−, 
FeCl3Br−] and [P6,6,6,14+][FeCl4−] MILs produced extraction efficiencies nearing 40% at 
the same pH. These findings suggest that DNA extracted by the [(C8)3BnN+][FeCl3Br−] 
MIL microdroplet may have less protein contamination than DNA extracted by the other 
two MILs under the same conditions. Though not fully understood, the extraction 
behavior of the three MILs investigated in this study suggests that it may be possible to 
design MIL-based solvents capable of enhancing the selectivity towards DNA in the 
presence of proteins. 
2.3.7 Recovery of DNA from the MIL Extraction Phase. The recovery of high quality 
DNA following an extraction step is important for accurate downstream analysis, 
especially in PCR and DNA sequencing experiments.3,4 To ensure that DNA extraction 
performed by the MIL solvent did not alter any portion of the DNA sequence, pDNA 
extracted by the [(C8)3BnN+][FeCl3Br−] MIL was subjected to sequence analysis. The 
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MTAP gene sequence obtained from pDNA extracted by the MIL and the sequence of a 
pDNA standard are shown in Figures 2-S14 and 2-S15, respectively. The pDNA 
extracted by the MIL was shown to contain a MTAP gene identical to the standard, 
indicating that the pDNA was not altered during the MIL extraction step or that the 
amount of any alterations to the integrity of the biomolecule are sufficiently low to be 
detected. 
To assess the total quantity of DNA recovered after MIL-based DNA extraction, a 
4.17 nM solution of stDNA was extracted using the [(C8)3BnN+][FeCl3Br−] MIL. After 
dissolution of the stDNA-enriched MIL microdroplet in 3 M potassium acetate (pH 4.8), 
the sample was loaded onto silica sorbent. The sorbent was flushed with 1 mL of 
isopropanol and the first fraction collected, which contained stDNA and excess salt. The 
stDNA was precipitated with cold ethanol and the excess salt was removed by washing 
the pellet with 80% ethanol.  In this approach, HPLC analysis determined the recovery of 
stDNA from the MIL microdroplet to be 57 ± 6%. The yield of the MIL-based DDE 
method was 23.5 µg of stDNA. Comparatively, a QIAamp DNA Mini Kit was capable of 
recovering 84 ± 5% of the stDNA from a 4.17 nM solution with a yield of 84.4 µg.  
2.3.8 Extraction of DNA from Bacterial Cell Lysate. To test the applicability of the 
MIL-based DNA extraction method, pDNA in an E. coli cell lysate was extracted using 
the [(C8)3BnN+][FeCl3Br−] MIL and subjected to PCR. This MIL was chosen to minimize 
protein co-extraction (vide supra).  The following two methods were employed for the 
isolation of DNA from the MIL extraction phase: an approach targeting greater quantities 
of high purity DNA and a rapid approach for recovering a sufficient quantity of high 
quality template DNA for PCR. In order to assess whether each recovery procedure was 
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capable of isolating PCR-amplifiable DNA from E. coli, pDNA was extracted from a 
bacterial cell lysate using the [(C8)3BnN+][FeCl3Br−] MIL and subjected to both the 
silica-based and the rapid immersion method. As shown in Figure 2-4, the silica-based 
method provided a more intense PCR product band (Lane 3) than did the rapid immersion 
approach (Lane 2). Nonetheless, immersion of the pDNA-enriched MIL microdroplet in 
Tris-HCl for just 2 min was capable of transferring sufficient pDNA for PCR 
amplification and visual detection of the MTAP gene on an agarose gel. This method has 
great potential for high throughput nucleic acid analyses such as the rapid screening of an 
environmental sample for microorganisms or identification of DNA biomarkers in 
virtually any sample.1,5  
 
Figure 2-4. Agarose gel electrophoresis of the MTAP gene after PCR amplification from 
pDNA recovered from the [(C8)3BnN+][FeCl3Br−] MIL extraction phase. Lane 1 shows a 
250-25,000 bp DNA ladder, Lane 2 represents PCR products from pDNA recovered by 
rapid immersion of the DNA-enriched microdroplet in Tris-HCl, and Lane 3 shows the 
PCR products obtained from pDNA recovered by semi-exhaustive DNA recovery. 
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2.4 Conclusions 	
As the demand for high-throughput nucleic acid analysis continues to grow, so does 
the need for developing DNA extraction methods capable of addressing the time 
consuming barriers encountered during traditional extraction procedures. In this study, 
hydrophobic MILs were employed for the first time as solvents for the extraction of DNA 
from aqueous solution. The MIL-based method allows for rapid, highly efficient 
extractions providing a DNA-enriched microdroplet that is easily manipulated in aqueous 
solution by application of a magnetic field. Higher extraction efficiencies were obtained 
for shorter oligonucleotides and DNA duplexes with the [(C8)3BnN+][FeCl3Br−] MIL, 
while the dicationic [(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL afforded higher extraction 
efficiencies for the much longer stDNA. MIL-based extraction of stDNA from a complex 
matrix containing albumin further highlighted the unique extraction profiles for the MILs, 
revealing competitive extraction behavior for the [P6,6,6,14+][FeCl4−] MIL and less 
pronounced co-extraction for the [(C8)3BnN+][FeCl3Br−] MIL. These results provide a 
basis for the structural customization of MILs to achieve enhanced selectivity toward a 
variety of DNA samples. Key to the broad applicability of this method is the recovery of 
DNA from the MIL extraction phase which was determined to be 57 ± 6%. Furthermore, 
sequence analysis demonstrated that the DNA recovered from the MIL extraction phase 
was intact and the sequence unmodified. Plasmid DNA from a bacterial cell lysate was 
extracted using MIL-based DDE and shown to provide sufficient pDNA quantity and 
quality for PCR. These materials may serve as interesting solvent systems in many 
applications. A particularly intriguing application is in microfluidic devices where their 
paramagnetic properties can be exploited for precise control of sample movement.  
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CHAPTER 3 	
MAGNETIC IONIC LIQUIDS AS PCR-COMPATIBLE SOLVENTS FOR DNA 
EXTRACTION FROM BIOLOGICAL SAMPLES 
 
Reproduced from Chemical Communications 2015, 51, 16771–16773 with permission 
from the Royal Society of Chemistry 
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Abstract 	
A polymerase chain reaction (PCR) buffer was systematically designed to relieve the 
inhibition caused by hydrophobic magnetic ionic liquids (MILs). We describe a simple, 
rapid method for MIL-based plasmid DNA extraction from crude bacterial cell lysate in 
which DNA-enriched MIL is transferred directly to a PCR tube for analysis. 
3.1 Introduction 	
Nucleic acid analysis is rapidly becoming a mainstay for clinical diagnostics,1 food 
safety,2 genomics,3 and microbiology.4 Bioanalytical techniques including PCR and 
sequencing methods are capable of selectively detecting very small quantities of nucleic 
acids. However, these techniques are limited by their low tolerance to interfering 
constituents within complex biological or environmental sample matrices.5,6 
Consequently, the isolation of sufficiently purified nucleic acids often requires time-
consuming sample preparation steps and represents a significant bottleneck in this field.  
     In an effort to increase sample throughput and minimize user intervention, 
automated methods for nucleic acid testing have received substantial attention.7−9 
Magnet-based approaches are particularly attractive platforms that utilize a 
magnetoactive sorbent to rapidly extract and manipulate nucleic acid samples.10 Precise 
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control of sample motion is achieved by application of a magnetic field, circumventing 
the need for tedious centrifugation steps. Functionalized magnetic particles have been 
explored in pathogen detection,11 forensics,12 drug discovery applications,13 and genomic 
studies14 to dramatically reduce overall analysis time. Although magnetic particles are 
readily applied for high throughput nucleic acid sample preparation, the purity and yields 
obtained using these substrates can be variable.12 Furthermore, the high cost of 
functionalized magnetic particles has prevented their widespread use. Hence, the 
development of inexpensive materials for rapid nucleic acid analysis is highly desirable. 
     Magnetic ionic liquid (MIL) solvents offer a promising new magnet-based 
approach for the selective analysis of nucleic acids. MILs are molten salts that exhibit 
paramagnetic behaviour in an applied external magnetic field.15,16 Similar to conventional 
ionic liquids (ILs), the physicochemical properties of MILs can be controlled by tailoring 
the structure of the cation/anion.17−19 While ILs have been successfully applied as 
sorptive phases for DNA,20−22 nucleic acid preservation media,23,24 and PCR additives,25 
hydrophobic MILs were only recently reported as solvents capable of performing highly 
efficient DNA extractions from aqueous solutions.26 An important advantage of MIL-
based DNA extraction is the ease with which the MIL microdroplet can be manipulated 
by application of a magnetic field, providing rapid enrichment of DNA. Unfortunately, 
recovering the nucleic acid from the MIL-based extraction phase has proven to be a time-
consuming process that can require considerable user intervention. An ideal nucleic acid 
sample preparation technique would not only provide a rapid extraction step, but also 
feature a recovery process involving minimal sample work-up prior to analysis.  
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     Here, we report a method for MIL-based extraction of bacterial plasmid DNA 
(pDNA) followed by immediate PCR amplification and detection of a target gene. By 
carefully engineering the components within a PCR mixture, the pDNA-enriched MIL 
could be added directly to a PCR tube for gene amplification without additional sample 
purification. The results demonstrate the feasibility of interfacing MIL extraction solvents 
with biochemical assays to achieve rapid enrichment and analysis of DNA. 
3.2 Experimental 	
3.2.1 Reagents. Trioctylamine and trihexyl(tetradecyl)phosphonium chloride were 
purchased from Acros Organics (NJ, USA) and Strem Chemicals (Newburyport, MA, 
USA), respectively. Benzyl bromide, iron(III) chloride hexahydrate (FeCl3•6H2O), 
sodium dodecyl sulfate (SDS), albumin from chicken egg white, deferoxamine mesylate 
salt, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). T4 gp32 was obtained from Affymetrix (Santa Clara, CA, USA). Sodium 
hydroxide and potassium acetate were purchased from Fisher Scientific (Fair Lawn, NJ, 
USA). Synthetic oligonucleotide primers were purchased from IDT (Coralville, IA, 
USA), while the modified pET-32 plasmid was obtained from EMD Millipore (Billerica, 
MA, USA). NEB 5-alpha Competent E. coli cells and Phusion High-Fidelity DNA 
Polymerase were purchased from New England Biolabs (Ipswich, MA, USA). Agarose 
and tris(hydroxymethyl)aminomethane (Tris) were obtained from P212121 (Ypsilanti, 
MI, USA). SYBR Safe DNA gel stain was purchased from Life Technologies (Carlsbad, 
CA, USA) and a 1 Kb Plus DNA Ladder (250−25,000 bp) was purchased from Gold 
Biotechnology, Inc. (St. Louis, MO, USA). Bromophenol blue was purchased from Santa 
Cruz Biotech (Dallas, TX, USA). QIAquick Gel Extraction and QIAamp DNA Mini Kits 
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were purchased from QIAgen (Valencia, CA, USA). Deionized water (18.2 MΩ cm) 
obtained from a Milli-Q water purification system was used for all buffers and solutions 
(Millipore, Bedford, MA, USA). 
3.2.2 Synthesis of MILs. Synthesis of the [P6,6,6,14+][FeCl4−] and 
[(C8)3BnN+][FeCl3Br−] MILs were carried out using previously reported procedures.1,2  
3.3.3 PCR Amplification and Gel Analysis. All PCR experiments were carried out 
with a total reaction volume of 50 µL. For standard reactions, a 25.9 ng quantity of 
pDNA containing the 879 bp MTAP gene was used as the template. Forward and reverse 
primers with sequences of 5′-TGC TGT TCC AGG GAC CT-3′ and 5′-GAA TTC GGA 
TCC GGA CGC-3′ were added to the mixture at 0.2 µM. Each reaction was prepared 
with 10 µL of 5X Phusion HF buffer, 1 µL of 10 mM dNTPs, and 1 unit of high fidelity 
Phusion DNA polymerase. The reaction mixture was diluted to 50 µL with deionized 
water. Temperature settings for PCR included: initial denaturation at 95 °C for 5 minutes 
followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 54 °C for 45 s, and 
extension at 72 °C for 45 s. A final extension step at 72 °C for 5 min was employed, after 
which the samples were cooled to 4 °C. 
3.3.4 Cell Cultures. Competent E. coli cells were transformed with a modified pET-32 
plasmid (pDNA) encoding human 5’-methylthioadenosine phosphorylase (MTAP). 
Approximately 25 ng of purified pDNA was added to a microcentrifuge tube containing 
10 µL of NEB 5-alpha Competent E. coli cells and gently mixed. The solution was placed 
on ice for 30 min. The microcentrifuge tube was set in a water bath at 42 °C for 42 s, 
removed from heat, and immediately chilled on ice for 5 min. Then, 950 µL of Luria 
Bertani (LB) media was added to the solution. The mixture was incubated at 37 °C for 1 
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h and subsequently transferred into 120 mL of LB media with 100 µg mL−1 carbenicillin 
at 37 °C for 24 h. 
3.3.5 MIL-based Extraction of pDNA from Crude Bacterial Cell Lysate. A 2 mL 
aliquot of E. coli cell culture was centrifuged at 1,380g for 8 minutes and resuspended in 
300 µL of 20 mM Tris, 0.1 mM EDTA buffer (pH 8). A 120 µL volume of 0.2 N NaOH, 
1% (w/v) SDS was then added to the sample. After gently mixing the solution, 80 µL of 3 
M potassium acetate (pH 4.8) were added and the solution diluted to a final volume of 2 
mL. The crude cell lysate was then extracted with 20 µL of either the [P6,6,6,14+][FeCl4−] 
MIL or the [(C8)3BnN+][FeCl3Br−] MIL using a dispersive droplet extraction approach.3 
The MIL was retrieved from the crude lysate using a 0.66 T rod magnet and rinsed with 
deionized water. A 0.5 µL volume of the pDNA-enriched MIL was then transferred into a 
PCR mixture with 80 mM Tris (pH 8), 1 mM EDTA, 1 mM MgCl2, and 400 ng/µL 
ovalbumin as additives. 
3.3.6 DNA Sequencing. Following PCR amplification and gel electrophoresis, the 
MTAP amplicon was excised from the agarose gel and extracted using a QIAquick Gel 
Extraction kit. For each sequencing reaction, 40 ng of template and 10 pmol of each 
primer were submitted to an external DNA sequencing service (Eurofins Genomics, 
Huntsville, AL). 
3.4 Results and Discussion 	
Bacterial pDNA containing the 879 bp 5’-methylthioadenosine phosphorylase 
(MTAP) gene was selected as a model nucleic acid template for the MIL-mediated PCR 
inhibition studies. The standard PCR mixture components and thermal conditions for 
amplification of the MTAP gene are described in the ESI. In order to examine the effects 
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of hydrophobic MILs on PCR amplification, the reaction mixture was spiked with 0.5 µL 
of either the trihexyl(tetradecyl)-phosphonium tetrachloroferrate(III) ([P6,6,6,14+][FeCl4−]) 
MIL or the trioctylbenzylammonium bromotrichloroferrate(III) ([(C8)3BnN+][FeCl3Br−]) 
MIL. Chemical structures for these two investigated MILs are depicted in Fig. 3-1a and 
b. As shown in lanes 3 and 4 of Fig. 3-1c, the addition of MILs to the PCR mixture 
completely inhibited the reaction and no amplicon was observed on the agarose gel. In 
order to address this challenge, a systematic approach was undertaken in which the 
Figure 3-1. Chemical structures of the a) [P6,6,6,14+][FeCl4−] and b) 
[(C8)3BnN+][FeCl3Br−] MILs. Agarose gel showing the effect of MILs on the PCR 
amplification of the MTAP gene from pDNA is shown in pane (c). Lane 1 is a DNA 
ladder, lane 2 shows the amplicon from a 25.9 ng pDNA standard, lane 3 represents PCR 
with the addition of  [P6,6,6,14+][FeCl4−], and lane 4 shows the result of adding 
[(C8)3BnN+][FeCl3Br−] to the reaction mixture. 
 
components within the PCR mixture were tailored to mitigate the inhibitory effects of the 
MILs.       
     Hydrophobic MILs often consist of a cation possessing long alkyl chains and/or 
aromatic moieties and a transition metal-based anion. Although iron(III)-based anions 
impart useful paramagnetic properties to the [P6,6,6,14+][FeCl4−] and the 
[(C8)3BnN+][FeCl3Br−] MILs, haloferrates are known inhibitors of PCR.27 To simulate 
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the anionic component of the MILs, FeCl3•6H2O was added at various concentrations to 
the standard PCR mixture. The minimum inhibitory concentration of FeCl3 under the 
PCR conditions studied was determined to be 20 µM, which is in good agreement with 
previously reported values (ESI, Fig. 3-S1).27,28 In an effort to identify reagents capable 
of relieving FeCl3 inhibition, bovine serum albumin (BSA), ovalbumin, MgCl2, and 
iron(III) chelators including EDTA and deferoxamine were investigated as PCR 
additives. As shown in Fig. 3-2a, amplification of the MTAP gene from pDNA in 
solutions containing 20 µM FeCl3 was successful when any of the aforementioned 
compounds were added to the PCR mixture. This may be due to the sequestration of Fe3+ 
by the PCR additives or, in the case of MgCl2, the outcompeting of Fe3+ for binding with 
reaction components.27,28 It is important to note that the molar ratio of EDTA and 
deferoxamine to Fe3+ did not exceed 1:1 in order to avoid chelation of essential Mg2+ 
cofactors. Although an amplicon was observed for each reaction in Fig. 3-2a, the most 
cost-effective reagents for relieving PCR inhibition caused by FeCl3 were determined to 
be ovalbumin, MgCl2, and EDTA.  
     The cationic components of the two MILs examined in this study represent another 
possible source of interference in PCR assays. To investigate this effect, the 
corresponding halide salts for each MIL were spiked into the PCR buffer system. As 
shown in Fig. 3-2b, adding 0.5 µL of either the [P6,6,6,14+][Cl−] or [(C8)3BnN+][Br−] salt 
completely inhibited PCR amplification of the MTAP gene. Initial attempts to mitigate 
the cation-induced PCR inhibition by increasing the concentration of MgCl2 from 1.5 mM 
to 2.5 mM proved unsuccessful. However, lane 3 of Fig. 3-2b shows that when the 
reaction 
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Figure 3-2. Amplification of the MTAP gene within PCR buffers spiked with a) 20 µM 
FeCl3, b) 0.5 µL of [(C8)3BnN+][Br−] (lane 3) or 0.5 µL of [P6,6,6,14+][Cl−] (lanes 4-6). 
Additives to the standard PCR buffer are noted above each lane. The composition of the 
standard PCR mixture is described in the ESI. 
 
mixture was prepared with the [(C8)3BnN+][Br−] salt and spiked with 400 ng µL−1 
ovalbumin, a band corresponding to the MTAP amplicon was observed. A reasonable 
explanation for this result is that ovalbumin may be capable of engaging in hydrophobic 
interactions with [(C8)3BnN+][Br−], preventing the halide salt from interfering with 
PCR.27 Ovalbumin, BSA, and the single-stranded DNA binding protein T4 gp32 were 
also found to reduce PCR inhibition by [P6,6,6,14+][Cl−].  
     Upon independently establishing conditions suitable for the PCR amplification of the 
MTAP gene in the presence of FeCl3, [P6,6,6,14+][Cl−], and [(C8)3BnN+][Br−], a 
combination of PCR additives were selected and applied to reaction mixtures containing 
MIL. First, a PCR mixture was prepared by spiking 0.5 µL of the [P6,6,6,14+][FeCl4−] MIL 
into a PCR buffer along with 2.5 mM MgCl2, 1 mM EDTA, and 400 ng µL−1 ovalbumin. 
Unfortunately, PCR amplification was once again inhibited by the [P6,6,6,14+][FeCl4−] MIL 
and no amplicon was detected on the agarose gel, as shown in lane 3 of Fig. 3-3. A recent 
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report by Xie and Taubert indicated that aqueous solutions of the hydrophilic 1-butyl-3-
methylimidazolium tetrachloroferrate(III) ([BMIM+][FeCl4−]) MIL generated acidic pH 
at elevated temperature due to hydrolysis of the [FeCl4−] anion.29 Low solution pH is 
known to significantly decrease primer extension rates of DNA polymerase, thereby 
inhibiting PCR.30 Although the [P6,6,6,14+][FeCl4−] MIL possesses hydrophobic character, 
it is possible that the thermal programming during PCR influences the solubility of MIL 
in the reaction mixture, promoting hydrolysis of the haloferrate anion. To examine this 
hypothesis, the pH of a PCR mixture containing 2.5 mM MgCl2, 1 mM EDTA, 400 ng 
µL−1 ovalbumin, and 0.5 µL of the [P6,6,6,14+][FeCl4−] MIL was measured before and after 
thermal cycling. Initially, the PCR mixture was tested using pH paper and found to be 
between pH 8 and 9. However, after the sample underwent temperature programming the 
solution exhibited a substantially lower pH (between pH 3 and 4), suggesting the 
hydrolysis of the [FeCl4−] anion during PCR. To compensate for the acidic conditions, 
the reaction mixture was buffered with 80 mM Tris (pH 8). As shown in lane 4 of Fig. 3-
3, amplification of the MTAP gene was successful with a PCR mixture consisting of 2.5 
mM MgCl2, 1 mM EDTA, 400 ng µL−1 ovalbumin, 80 mM Tris (pH 8), and 0.5 µL of 
[P6,6,6,14+][FeCl4−]. When the same reaction conditions were applied for a PCR mixture 
spiked with 0.5 µL of the [(C8)3BnN+][FeCl3Br−] MIL, an amplicon was observed only 
when the primer concentration was increased from 0.2 µM to 0.4 µM, as shown in lanes 
5 and 6 of Fig. 3-3. Sequence analysis confirmed that the amplicons from PCR samples 
containing MIL were unaltered when compared to a standard (ESI, Fig. 3-S2-S4). 
Upon designing a PCR buffer capable of accommodating MIL, the feasibility of 
performing MIL-based DNA extraction followed by immediate PCR amplification of a 
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Figure 3-3. PCR amplification of the MTAP gene within PCR buffers spiked with MIL. 
Lane 1 shows a DNA ladder and lane 2 is a control reaction without MIL. Lane 3 
represents the PCR amplification of the MTAP gene in a solution spiked with 0.5 µL of 
the [P6,6,6,14+][FeCl4−] MIL using 2.5 mM MgCl2, 1 mM EDTA, and 400 ng µL−1 
ovalbumin as additives. Lane 4 shows the amplicon obtained from a PCR solution with 
identical composition as lane 3, but also includes 80 mM Tris (pH 8) as a buffer 
component. Lane 5 represents PCR amplification in the presence of 0.5 µL 
[(C8)3BnN+][FeCl3Br−] MIL under the same conditions as lane 4 with 0.4 µM of each 
primer. Lane 6 shows the result from PCR amplification under the same conditions as 
lane 5, but with 0.2 µM primers.  
 
target gene was investigated. E. coli cells containing pDNA were subjected to alkaline 
lysis and the crude cell lysate subsequently extracted using the [P6,6,6,14+][FeCl4−] MIL 
with a dispersive droplet extraction (DDE) approach.26 Detailed cell culture and cell lysis 
conditions as well as a schematic of MIL-based DDE are shown in the ESI. Following a 1 
min extraction step, the pDNA-enriched MIL microdroplets were retrieved using a rod 
magnet and rinsed with deionized water to remove residual salts and cell debris. An 
aliquot of the pDNA-enriched MIL was then transferred directly into the PCR buffer for 
amplification of the MTAP gene. As shown in lane 2 of Fig. 3-4a, an amplicon was 
readily detected. Similarly, lane 3 of Fig. 3-4b shows that the [(C8)3BnN+][FeCl3Br−] 
MIL extracted sufficient pDNA within 1 min from bacterial cell lysate for PCR 
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amplification of the MTAP gene without employing any additional tedious purification 
steps. 
 
Figure 3-4. PCR amplification of the 879 bp MTAP gene following MIL-based 
extraction of crude bacterial cell lysate using the a) [P6,6,6,14+][FeCl4−] MIL and the b) 
[(C8)3BnN+][FeCl3Br−] MIL. Details regarding the extraction and PCR conditions are 
shown in the ESI. 
 
3.5 Conclusions 	
     In summary, a PCR buffer was systematically designed to enable the amplification of 
a target gene from pDNA-enriched MIL. The results show that PCR inhibition caused by 
the cationic and anionic components of two studied MILs could be mitigated using 
albumin, iron(III) chelators, and by increasing buffer capacity of the PCR mixture. 
Importantly, MILs were capable of extracting PCR amplifiable pDNA from crude 
bacterial cell lysate without the need for time-consuming sample purification or DNA 
recovery procedures. This study demonstrates the compatibility of MIL solvents with 
bioanalytical techniques to dramatically reduce the time required for DNA analysis, 
making these materials particularly attractive for food safety or other high throughput 
applications. 
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CHAPTER 4 
ION-TAGGED OLIGONUCLEOTIDES COUPLED WITH A MAGNETIC 
LIQUID SUPPORT FOR THE SEQUENCE‐SPECIFIC CAPTURE OF DNA 
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Abstract 	
The isolation of specific nucleic acid sequences is a major bottleneck in molecular 
diagnostics. Magnetic beads/particles are typically used as solid supports for the capture 
of DNA targets to improve sample throughput, but aggregate over time resulting in lower 
capture efficiency and obstruction of liquid handling devices. Here, we describe a 
particle-free approach to sequence-specific DNA extraction using a magnetic liquid 
support and ion-tagged oligonucleotide (ITO) probes. ITO conjugates were synthesized 
with the highest yields ever achieved for the radical thiol-ene coupling of a substrate and 
oligonucleotide. In addition to distinguishing nucleotide mismatches, the ITO and 
magnetic liquid-based approach was more sensitive than a commercial magnetic bead-
based method for the capture of target DNA from a pool of interfering genomic DNA. 
4.1 Introduction 	
Apart from storing and transferring genetic information in biological systems, nucleic 
acids represent increasingly meaningful diagnostic molecules as the complexity of the 
genome continues to be unraveled. The natural ability of nucleic acids to recognize 
complementary sequences through base pairing is often leveraged through the use of 
	 62 
synthetic oligonucleotides for the study of clinically relevant biomarkers,[1] gene 
expression regulation,[2] and single-nucleotide polymorphisms.[3] Although modern 
nucleic acid sequencing and detection technologies are capable of rapidly generating 
enormous amounts of genetic data, the challenge of isolating specific DNA/RNA targets 
from complex biological samples remains a formidable bottleneck in the diagnostic 
workflow. 
In order to obtain high sensitivity in bioanalytical assays, nucleic acids are often 
captured and enriched through hybridization with synthetic oligonucleotide probes that 
are immobilized on a solid particle or surface.[4] Beads,[5] nanoparticles,[6] or 
microarrays[7] bearing appropriate functional groups ensure that oligonucleotide probes 
are efficiently bound via covalent or non-covalent interactions. Magnetic beads coated 
with streptavidin are particularly popular embodiments that enable the extraction of 
nucleic acid targets by hybridizing with biotinylated complements. Precise control and 
manipulation of DNA/RNA-enriched beads is then accomplished by the application of an 
external magnetic field, permitting the automation of nucleic acid extraction methods for 
high throughput laboratories.[8] 
An inherent limitation of sequence-specific extraction using paramagnetic particles is 
the solid nature of the support. Magnetic particles are prone to settling and aggregation 
which can lead to lower extraction efficiencies,[9],[10] clogging of devices (e.g., 
microfluidic systems),[11],[12] and require long incubation/agitation times (up to 60 min) to 
extract a sufficient quantity and quality of nucleic acid for downstream techniques such 
as polymerase chain reaction (PCR).[13] In addition, the binding/hybridization of nucleic 
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acids at the solid-liquid interface is slower (>10-fold) than in solution,[14],[15] further 
complicating method development considerations.  
Ideally, a magnetic liquid support that could be employed for the magnet-based 
isolation of specific nucleic acid sequences would circumvent the limitations of solid 
particle formats. Unlike other magnetic fluids (e.g., ferrofluids) that are particle 
suspensions in a carrier solvent, magnetic ionic liquids (MILs) are neat liquids comprised 
of ions that respond to magnetic fields.[16],[17] By carefully designing their chemical 
structure, MILs can possess unique physicochemical properties including 
hydrophobicity,[18] low viscosity,[19] and hydrolytic stability[20] that are advantageous for 
biological applications in aqueous solution.[21],[22] However, in order to exploit MILs as 
supports for sequence-specific nucleic acid extraction, synthetic oligonucleotide probes 
must be designed with functional groups that facilitate dense loading onto the MIL.  
Here we report the first synthesis and characterization of ion-tagged oligonucleotides 
(ITOs) that partition to a hydrophobic MIL while retaining the ability to capture specific 
DNA sequences. By taking advantage of the rapid and mild reaction conditions of thiol-
ene click chemistry, a series of imidazolium-based ion tags were appended to 
oligonucleotides to profoundly influence the partitioning of the ITO probe to the 
hydrophobic MIL support. Important for the practical and broad applicability of the 
studied ITOs, we developed reaction conditions that resulted in the highest yields (51-
53%) ever reported for the photoinitiated reaction between an alkene-bearing substrate 
and thiolated oligonucleotide. When coupled with real-time quantitative PCR (qPCR), we 
show that the MIL-supported ITO-based approach enables the detection of target DNA in 
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aqueous samples containing genomic DNA interference with greater sensitivity than a 
typical biotin/streptavidin magnetic bead-based method. 
4.2 Experimental 	
4.2.1 Reagents and DNA sequences. Acetonitrile, LC-MS grade acetonitrile, 
ethylenediaminetetraacetic acid (EDTA), triethylamine, magnesium chloride, allyl 
bromide, 1-bromooctane, methylimidazole, benzylimidazole, and butylimidazole were 
purchased from Sigma Aldrich (St. Louis, MO, USA). 
Tris(hydroxymethyl)aminomethane, urea, boric acid, and tris(2-carboxyethyl)phosphine 
(TCEP) were purchased from P212121 (Ypsilanti, MI, USA). M270 Streptavidin coated 
Dynabeads, LC-MS-grade water, and dimethylsulfoxide (DMSO) were obtained from 
Fisher Scientific (Fair Lawn, NJ, USA). Ammonium persulfate (APS), 
tetramethylethylenediamine (TEMED), 40% acrylamide and bis-acrylamide solution 
29:1, SsoAdvanced Universal SYBR Green Supermix, were purchased from Bio-Rad 
Laboratories (Hercules, CA, U.S.A.). NEB 5-alpha Competent E. coli cells were 
purchased from New England Biolabs (Ipswich, MA, USA). A Milli-Q water purification 
system was used to obtain deionized water (18.2 MΩ cm) that was used for the 
preparation of all solutions (Millipore, Bedford, MA, USA). Thiolated, biotinylated, and 
unmodified oligonucleotides and primers were purchased from IDT (Coralville, IA, 
USA) while the complementary oligonucleotide to the 15 mer ITO was purchased at the 
Iowa State DNA Facility (Ames, IA, USA). The following DNA sequences were used in 
this study: 15-mer: 5’- TCA ACA TCA GTC TGA -3’; 3’ thiolated 15-mer: 5’- TCA 
ACA TCA GTC TGA/C3SH -3’; 15-mer complement: 5’- TCA GAC TGA TGT TGA -
3’; 1 nucleotide mismatch: 5’- TCA GAC TAA TGT TGA -3’; 2 nucleotide mismatch: 
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5’- GCA GAC TAA TGT TGA -3’; 20-mer: 5’- CAC GCT TAC ATT CAC GCC CT -
3’; 3’ thiolated 20-mer: 5’- CAC GCT TAC ATT CAC GCC CT/C3SH -3’; 3’ 
biotinylated 20-mer: 5’- CAC GCT TAC ATT CAC GCC CT/C6-biotin -3’. 
4.2.2 Instrumentation. A UVGL-58 handheld lamp from UVP (Upland, CA, USA) 
was used in all ITO syntheses. All of the ITOs were synthesized in a Greiner 96 well, half 
area, UV-star clear microplate (Kremsmünster, Austria). A NotePal X-slim Cooler 
Master (New Taipei City, Taiwan) was used to cool the well plate during ITO synthesis. 
All pH measurements were obtained with an Accumet AB-150 pH meter from Fisher 
Scientific. An Agilent 1260 HPLC with variable wavelength detector (Santa Clara, CA, 
USA) was used for hybridization as well as loading experiments. ITO and IL 
characterization was performed using an Agilent 1260 HPLC with a diode array detector 
coupled to an Agilent 6230B Accurate Mass Time of Flight (TOF) mass spectrometer 
with an electrospray source. Polyacrylamide gel electrophoresis was performed on a Mini 
Protean 3 electrophoresis system from Bio-Rad Laboratories with an ECPS 3000/150 
power supply from Pharmacia (Stockholm, Sweden). All NMR spectra were acquired on 
a Bruker (Billerica, MA, USA) DRX-500 NMR spectrometer. Real-time quantitative 
PCR (qPCR) assays were performed on a CFX96 Touch Real-Time PCR Detection 
System from Bio-Rad Laboratories. All thermal cycling was done on a Techne 
FTgene2D thermal cycler (Burlington, NJ, USA). An Agilent Technologies 50 mm × 2.1 
mm i.d. × 1.8 µm particle Zorbax Extend-C18 column was used for the separation of 
ITOs, while a 35 mm × 4.6 mm i.d. × 2.5 µm TSKgel DEAE-NPR anion exchange 
column with a 5 mm × 4.6 mm i.d. ×  5 µm TSKgel DEAE-NPR guard column from 
Tosoh Bioscience (King of Prussia, PA) was used for loading and hybridization 
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experiments. A Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific) was used 
to determine the concentration of oligonucleotide standards. A 0.66 T rod magnet from 
K&J Magnetics (Plumsteadville, PA, USA) was used for the manipulation of the 
magnetic extraction phases in all extractions. 
4.2.3 Synthesis of Imidazolium Salts. All imidazolium salts in this study were 
synthesized according to previously published procedures, with minor 
modifications.[23],[24] The [AMIM+][Br−], [ABIM+][Br−], and [ABzIM+][Br−] salts were 
synthesized by reacting allyl bromide with the corresponding alkylimidazole in 
acetonitrile at a 1.2:1 molar ratio. The reactions were refluxed at 55 °C with constant 
stirring for 24 hours. Solvent was evaporated in vacuo and the product purified by 
washing with ethyl acetate.  The products were then dried in a vacuum oven overnight. 
To synthesize [AOIM+][Br-], allylimidazole and 1-bromooctane were reacted at a 1:1.2 
molar ratio under the same conditions as the other alkylimidazolium bromides. However, 
hexanes were used during the purification step instead of ethyl acetate to ensure the 
removal of unreacted 1-bromooctane. 
4.2.4 PAGE and LC-TOFMS conditions for ITO Separation and Analysis. An 18% 
polyacrylamide gel was prepared with 7 M urea to resolve the ITOs from the unreacted 
oligonucleotides. The gel was run at 200 V and 150 W for 1.5 h with an ice bath to cool 
the electrophoresis tank. The column was equilibrated for 9 min at 0.2 mL min−1 with a 
mobile phase composition of 95:5 A:B where mobile phase A was 5 mM 
triethylammonium acetate (pH 7.4) and B was acetonitrile. Gradient elution was 
performed with the following program: 5 %B from 0-5 min, increase to 19.4 %B from 5 
to 17 min, increase to 35 %B from 17 to 18 min, hold at 35 %B from 18 to 20 min, 
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decrease to 5 %B from 20 to 21 min. The LC eluent was diverted to waste for the first 8 
min to prevent non-volatile imidazolium salts from the reaction mixture to enter the mass 
spectrometer. The nebulizing gas was set to 35 psi. The drying (N2) gas flow rate was 9 L 
min−1 with a temperature of 350 °C. The capillary voltage was 4000 V. Spectra were 
acquired from 100-3000 m/z with a scan rate of 1 spectrum sec−1.   
4.2.5 ITO Yield Determination using HPLC-UV. To accurately quantify the ITO 
product following recovery from the polyacrylamide gel, a known quantity of 
complementary oligonucleotide was titrated with ITO. The amount of double-stranded 
DNA formed after the addition of a known volume of ITO solution to a known amount of 
complementary oligo was monitored by anion-exchange HPLC-UV. Because single 
stranded DNA and double stranded DNA have different retention times on the anion 
exchange column, the complementary strand was titrated until the single strand peak 
disappeared, as shown in Figure 4-S6. Since the amount of complement in the initial 
solution and the volume of ITO solution added was known, the concentration of the ITO 
solution could then be determined within ~2 ng µL−1. The standardized ITO solution was 
then used to generate a calibration curve using LC-TOFMS. 
4.2.6 Synthesis of the [P66614+][Mn(hfacac)3−] MIL. The [P66614+][Mn(hfacac)3−] MIL 
was synthesized using a similar approach to previously reported procedures.[25],[26],[27] 
First, 10 mmol of ammonium hydroxide was dissolved in ~30 mL of ethanol. The 
reaction vessel was then sealed with a rubber septum and 10 mmol of 
hexafluoroacetylacetone was added dropwise to the reaction via syringe. A white vapor 
was allowed to settle before adding 3.3 mmol of MnCl2 4H2O. The reaction was allowed 
to stir at room temperature for 5 hours. The solvent was evaporated in vacuo and the 
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crude product redissolved in diethyl ether. The crude product was washed with several 5 
mL aliquots of deionized water until the aqueous fraction yielded no precipitate from 
addition of AgNO3. Diethyl ether was then evaporated and the metal salt allowed to dry 
at 50°C overnight under reduced pressure. The metal salt (1 mmol) was added to 1 mmol 
of trihexyl(tetradecyl)phosphonium chloride ([P66614+][Cl−]), dissolved in methanol, and 
stirred overnight at room temperature. The solvent was evaporated and 20 mL of diethyl 
ether was added to dissolve the crude product. The ether layer was isolated and washed 
several times with deionized water until the aqueous fraction yielded no precipitate 
during a AgNO3 test. Ether was evaporated off and MIL 1 was dried at 50 °C overnight 
under reduced pressure, yielding the [P66614+][Mn(hfacac)3−] MIL. 
4.2.7 Extraction conditions using the MIL-ITO method. In a PCR tube, 1.69 pmol of 
the [AOIM+]-ITO and 16.9 fmol of target DNA were hybridized in 25 mM NaCl. The 
MIL was then added to the solution and incubated at room temperature for 10 min to 
extract the ITO-target duplex. A 10 min extraction time was selected on the basis of 
optimum extraction (see Table 4-S4) and for comparison to the magnetic bead-based 
method. After decanting the sample solution and washing the MIL with water, the target 
was eluted in deionized water at 90 °C for 10 min.  
4.2.8 Extraction conditions using streptavidin coated magnetic beads. Magnetic 
bead-based extractions were performed according to the manufacturer’s instructions. The 
biotinylated probe (1.69 pmol, 10.8 ng) was added to a 60 µL solution containing the 261 
bp DNA target (16.9 fmol, 3 ng) in the presence of 25 mM NaCl. The solution was 
heated to 90 °C for 5 min and subsequently cooled to 4 °C. M270 Dynabeads (13 µg) 
were added in order to ensure the binding capacity of the beads was not exceeded 
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(according to the manufacturer, the beads are capable of binding 10 µg double stranded 
DNA/mg beads). The extraction was performed under light shaking (60 rpm) for 10 min. 
Three washes were performed with DI water to remove any superficially adsorbed DNA. 
Desorption was performed at 90 °C for 10 min. 
4.2.9 qPCR Conditions. In all reactions, 1 µL of template DNA was added to a 19 µL 
reaction mix that contained 10 µL of SsoAdvanced Universal SYBR Green Supermix 
(2x), 2.6 µL of 50 mM MgCl2, 1 µL of DMSO, 4.6 µL of deionized water and 0.8 µL of 
10 µM forward and reverse primers. Primers for qPCR amplification of the 261 bp target 
sequence were 5’- CAC GCT TAC ATT CAC GCC CT -3’ and 5’- CGA GCG TCC 
CAA AAC CTT CT -3’. The thermal cycling protocol for all qPCR assays was as 
follows: An initial denaturation step of 5 min at 95.0 °C followed by 40 cycles of 10 s at 
95.0 °C and 30 s at 64.0 °C. 
4.3 Results and Discussion 	
A series of ITOs were prepared from radical thiol-ene click reactions between a 3' 
thiol-modified oligonucleotide (15 nt) and allylimidazolium-based ion tags (Scheme 4-1) 
in order to study the effect of different N-substituent groups on ITO partitioning to the 
hydrophobic MIL. Synthesis and characterization of allylimidazolium salts bearing 
benzyl ([ABzIM+][Br−]), methyl ([AMIM+][Br−]), butyl ([ABIM+][Br−]), and octyl 
([AOIM+][Br−]) substituents is provided in the Supporting Information (Figures 4-S1-
S4). The coupling conditions required 400 nmol of alkenyl salt and 4 nmol of thiolated 
oligonucleotide, likely to compensate for sequestration of the imidazolium cation due to 
electrostatic interactions with the phosphate backbone of the nucleic acid.[28]  
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Scheme 4-1. Thiol-ene click reaction between a 15-mer oligo and allylimidazolium salts 
to generate ITOs. 
 
The reaction products were first characterized by denaturing polyacrylamide gel 
electrophoresis (PAGE, Figures 4-1a,b). Following PAGE, bands were excised, eluted in 
water overnight, and analyzed by liquid chromatography time-of-flight mass 
spectrometry (LC-TOFMS, SI for details). Mass spectra for the ITOs (Figures 4-1c-f) 
were consistent with theoretical mass to charge ratios (m/z, Table 4-S1). LC-TOFMS, 
densitometry, and HPLC revealed 40-45% and 51-53% yields for the [ABIM+] and 
[AOIM+]-ITOs, respectively (Figures 4-S6-S10, Table 4-S2, and SI for details). The 
yields reported in the present study are the highest ever achieved for the radical coupling 
of a thiolated oligonucleotide and alkene substrate.[29],[30]  
To study the influence of the ion tag on hybridization, melting point (Tm) analysis was 
conducted for the 15-mer ITOs with complementary strands. While the [AMIM+] and 
[ABIM+]-ITOs showed no difference in Tm compared to an unmodified 15-mer (Figure 4-
S11), a slight decrease in Tm for the [AOIM+]-ITO and its complement was observed. 
Figures 4-2a,b show melt curves from the [AOIM+]-ITO and an unmodified 15-mer 
paired with a series of oligonucleotides with 0−2 mismatched bases. No Tm was observed 
for the [AOIM+]-ITO when paired with a 2 nt mismatch, indicating that the [AOIM+] tag 
further destabilizes base mismatches when compared to unmodified probes.  
The partitioning of ITOs to a hydrophobic MIL support was investigated to determine 
the ITO probe that would best facilitate sequence-specific DNA extraction. The 
5'- TCA ACA TCA GTC TGA
SH
40 nmol TCEP,
70/30 H2O/ACN
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S
N N R
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trihexyl(tetradecyl)phosphonium manganese(II) hexafluoroacetylacetonate 
([P66614+][Mn(hfacac)3 −]) MIL was selected as the magnetic liquid support due its 
hydrophobicity, low viscosity, and paramagnetic susceptibility.[25] The partitioning of 
ITO from aqueous solution to the MIL oligonucleotide and alkene substrate  
Figure 4-2. Melting point analysis for (a) unmodified oligo and (b) [AOIM+]-ITO with 
0−2 nt mismatches. Tm=temperature where the maximum change in fluorescence with 
respect to time occurred. 
 
was evaluated using HPLC by comparing the initial amount of ITO in solution to the 
amount remaining after incubation with MIL. While 48±4% of the [AOIM+]-ITO was 
loaded onto the [P66614+][Mn(hfacac)3−] MIL, just 12±3% of the [ABIM+]-ITO and 
10±3% of untagged oligo partitioned to the MIL under the same conditions (Figures 4-
S13-S15). This suggests that ITO hydrophobicity governs partitioning to the MIL, so the 
[AOIM+]-ITO was selected for MIL-supported sequence-specific extractions. Two 
different procedures for sequence-specific nucleic acid isolation are commonly 
employed: (1) the probe sequence is first loaded onto the support and then used to capture 
a complementary target sequence or (2) the probe and target are hybridized first, followed 
by addition of the support to bind the probe-target duplex. We studied both approaches 
with a 15-mer sequence complementary to the [AOIM+]-ITO using HPLC to evaluate the  
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amount of target extracted from solution. As shown in Table 4-S3, 50±7% of the target 
was extracted when the ITO was first loaded onto the MIL compared to 25±3% when the 
ITO and target were hybridized first. The difference in extraction efficiencies is likely 
due to a combination of specific and non-specific extraction of the ITO and target 
sequence by the MIL. The extraction efficiency of a non-complementary 15-mer was 
15±4% using either extraction approach. However, the ‘hybridize first’ procedure would 
generate primarily double-stranded DNA prior to extraction with the MIL support. 
Therefore, we studied the partitioning of untagged 15 bp duplex to determine the amount 
of nonspecific duplex DNA extracted by the MIL-supported ITO. Under these conditions, 
<2% (n=3) of the 15 bp DNA was extracted (Figure 4-S16).  
A qPCR assay was developed using a 261 bp DNA target to examine the practical 
applicability of MIL-supported ITO-based extraction. For this approach, a 20-mer 
[AOIM+]-ITO fully complementary to a terminal segment of the 261 bp DNA was 
synthesized (Figure 4-S17). Figure 4-3a shows a schematic of the MIL and ITO-based 
approach (details in SI). As shown in Figure 4-3b, qPCR amplification of the target 
sequence was greatly enhanced when extracted with the [AOIM+]-ITO (Cq=20.67±1.30, 
n=6) compared to using an untagged oligo (Cq=31.15±0.20, n=3). The Cq values indicate 
that a 1000-fold greater amount of DNA was extracted by the MIL-supported ITO 
method compared to the approach using unmodified oligo for DNA capture (Figure 4-
S18). 
The MIL-ITO method was compared with a commercially available magnetic bead-based 
method recommended for sequence-specific DNA isolation. Target DNA (16.9 fmol) was 
extracted using streptavidin-coated magnetic beads and 3’ biotinylated oligonucleotide 
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probes according to the manufacturer’s instructions (details in SI). As shown in Table 4-
1, similar amounts of target DNA were extracted by the MIL-supported ITO and  
 
 
Figure 4-3. (a) The ITO-MIL strategy for sequence-specific extraction. Following 
extraction and recovery of the 261 nt DNA target, (b) shows qPCR amplification of the 
target when the [AOIM+]-ITO was employed (green) compared to an unmodified 
complementary oligo (blue). NTC=no template control. 
 
magnetic bead methods without background DNA present. Since biological samples 
contain high levels of heterogeneous sequences, we studied the effect of interfering 
genomic DNA on both approaches. Samples containing target DNA were spiked with 3 
µg of DNA from salmon testes (~20 kbp) and subjected to MIL-supported ITO and 
magnetic bead-based extractions. As shown in Table 4-1, little to no difference in Cq 
values was observed for the MIL-supported ITO approach with or without genomic DNA 
interference. However, higher Cq values corresponding to a 10-fold lower amount of 
extracted target were observed for the magnetic bead method with interfering DNA 
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(Table 4-1, Figure 4-S19), likely due to nonspecific extraction. As shown in Figure 4-
S20, the magnetic beads  
Table 4-1. Comparison of the MIL-supported ITO and magnetic bead methods for 
sequence-specific DNA extraction. 
Probe, 
support 
Sequence-
specific 
extraction[a]       
(Cq, n=6) 
Extraction 
with DNA 
interference[b]            
(Cq, n=3) 
Support 
phase 
Aggregates 
over time? 
Constant 
agitation 
required? 
Responds 
to 
magnetic 
field? 
[AOIM+]-
ITO, MIL 20.33±0.96 20.82±1.10 Liquid No No Yes 
Biotinylated 
oligo, M270 
Dynabeads 
21.92±0.92 24.07±0.31 Solid Yes Yes Yes 
[a] Extraction of 261 bp DNA (1.67 pM) in aqueous solution. [b] Aqueous sample 
containing 261 bp DNA (1.67 pM) spiked with 3 µg of DNA from salmon testes. Sample 
volume=60 µL. 
 
extracted 20±5% of the genomic DNA whereas the hydrophobic MIL exhibited much 
less (2±2%) nonspecific extraction. Both methods produced similar Cq values for crude 
bacterial cell lysate samples (Figure 4-S21). 
4.4 Conclusions 	
In summary, a particle-free approach for the extraction of specific nucleic acid 
sequences was developed utilizing a magnetic liquid support and ITOs. Radical thiol-ene 
coupling of an oligonucleotide with an imidazolium-based ion tag resulted in an ITO 
capable of partitioning to a hydrophobic MIL. When applied for sequence-specific DNA 
extraction, the MIL-ITO method demonstrated 10-fold better recovery of target DNA 
from samples containing genomic DNA interference compared to a commercially 
available magnetic bead-based method. Since a magnetic liquid supports the ITO probes, 
we anticipate that the ITO-based method will enable magnet-based, targeted nucleic acid 
analysis using fluid handling systems that may otherwise become obstructed by particle 
aggregation. 
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Abstract 
 
Nucleic acids are important diagnostic molecules for a variety of applications, but are 
exceedingly sensitive to enzymatic degradation by nucleases. Very recently, hydrophobic 
magnetic ionic liquids (MILs) have shown considerable promise in the area of DNA 
extraction. Here, we show that MILs can also serve as DNA preservation media in 
nuclease-rich environments. DNA samples treated with deoxyribonuclease I (DNase I) 
were found to retain molecular weight for up to 72 h at room temperature within the 
benzyltrioctylammonium bromotrichloroferrate(III) ([N888Bn+][FeCl3Br−]) and 
trihexyl(tetradecyl)phosphonium tetrachloroferrate(III) ([P66614+][FeCl4−]) MILs, whereas 
DNA in aqueous samples suffered complete enzymatic degradation under similar 
conditions. Using a single drop extraction (SDE) technique, DNase I was found to 
partition between aqueous solution and MIL with a smaller amount of the enzyme 
extracted by the [N888Bn+][FeCl3Br−] MIL relative to the [P66614+][FeCl4−] MIL. Plasmid 
DNA (pDNA) exhibited structural stability for up to 1 week in the [N888Bn+][FeCl3Br−] 
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and [P66614+][FeCl4−] MILs, even when treated with 20 U of DNase I. pDNA stored 
within the MIL solvent under these conditions was successfully amplified by polymerase 
chain reaction (PCR), whereas pDNA in aqueous solutions of DNase I yielded no 
detectable amplicon. Furthermore, pDNA stored within the 
trihexyl(tetradecyl)phosphonium tetrachloromanganate(II) ([P66614+]2[MnCl42−]) MIL was 
capable of conveying antibiotic resistance to competent E. coli following 24 h incubation 
with DNase I at room temperature, demonstrating that the biological activity of pDNA 
was preserved. 
5.1 Introduction 	
DNA is widely recognized in the life sciences as an important biomarker, tool, and 
genetic fingerprint. The analysis of DNA is essential for a broad range of applications 
including forensics,1 clinical diagnostics,2 and food safety.3 However, the relevance of 
data obtained from DNA analysis is largely dependent upon the quality and purity of the 
DNA sample.4 Damage to the primary structure of DNA often results in loss of 
sensitivity, poor reproducibility, or complete inhibition of downstream applications such 
as polymerase chain reaction (PCR) or DNA sequencing.5 In many cases, DNA samples 
are not immediately analyzed and must be stored for a period of time, rendering them 
susceptible to chemical or enzymatic degradation.6,7 DNA is particularly vulnerable to 
nucleases, such as deoxyribonuclease I (DNase I), which constitutes a significant 
challenge for long-term storage. 
 Most approaches to DNA preservation involve storing DNA samples in buffers or 
alcohols at −80 °C.8 Unfortunately, maintaining low temperatures for DNA storage is 
energy intensive and can represent a large economic investment when confronted with 
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vast numbers of samples. Transferring DNA samples to a suitable buffer or solvent prior 
to storage also heightens the risk of sample contamination with exogenous DNA or 
endonucleases due to increased sample handling and manipulation. Furthermore, DNA 
may undergo hydrolytic cleavage, depurination, or depyrimidation in aqueous media.9 
While lyophilization provides a means to dehydrate DNA samples and minimize the risk 
of hydrolysis, this technique imposes shear stress on longer DNA strands.8,10 
 Recently, ionic liquids (ILs) have been employed as solvents to enhance the long-
term stability of DNA. ILs are molten salts with melting points at or below 100 °C whose 
physicochemical properties can be tailored through careful selection of the cation and 
anion components. The ability to customize the chemical structure of ILs has led to their 
successful application as sorptive phases for DNA extraction,11,12 ion conductive DNA 
films,13 and, notably, solvents for the long-term preservation of DNA.14,15 Hydrated ILs 
were recently shown to improve the long-term stability of double stranded DNA 
(dsDNA) at room temperature when compared to conventional phosphate buffered 
aqueous solutions.16 dsDNA molecules have also been found to retain their native double 
helical structure when dissolved in IL solvents.17 Moreover, ILs have been employed to 
substantially enhance the resistance of nucleic acids toward enzymatic degradation.15,18 
Plasmid DNA (pDNA) stored in the choline dihydrogenphosphate (CDHP) IL was found 
to exhibit biological activity even after 1 month incubation with DNase.19 Nonetheless, 
IL-based preservation approaches require the nucleic acid to be purified and subsequently 
transferred into the IL storage medium. Ideally, a material that can function as a selective 
extraction solvent and as a medium for long-term preservation would significantly 
minimize user intervention and the risk of sample contamination. 
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 Magnetic ionic liquids (MILs) are a subclass of ILs that possess a magnetoactive 
component in their chemical structure.20,21,22,23 The paramagnetic properties of MILs have 
been exploited in a variety of applications including reusable catalysts,24 CO2 sorptive 
phases,25 and magnetic extraction solvents.26 Very recently, hydrophobic MILs were 
employed for the rapid and highly efficient extraction of DNA wherein the DNA-
enriched MIL extraction phase was easily manipulated by the application of an external 
magnetic field.27 To complement the rapid DNA extraction process, hydrophobic MILs 
have also been interfaced directly with PCR amplification to dramatically reduce analysis 
times.28 However, MILs have yet to be explored as solvents for the preservation of 
nucleic acids. 
 In this study, hydrophobic MILs were investigated for their ability to serve as 
DNA preservation media. Two MILs, namely, trihexyl(tetradecyl)phosphonium 
tetrachloroferrate(III) ([P66614+][FeCl4−]) and benzyltrioctylammonium 
bromotrichloroferrate(III) ([N888Bn+][FeCl3Br−]), were capable of preserving linear double 
stranded DNA from salmon testes (sDNA) for up to 72 h at room temperature when 
treated with 20 U of DNase I. A significant improvement in the resistance toward 
enzymatic degradation was observed for pDNA stored in either the [P66614+][FeCl4−] or 
[N888Bn+][FeCl3Br−] MIL when compared to a conventional aqueous buffer. Mixtures of 
pDNA, DNase I, and MIL were capable of yielding PCR-amplifiable pDNA even after 1 
week of storage. Furthermore, pDNA treated with DNase I within the 
trihexyl(tetradecyl)phosphonium tetrachloromanganate(II) ([P66614+]2[MnCl42−]) MIL was 
protected from degradation and could be applied for the transformation of competent E. 
coli cells to convey antibiotic resistance. 
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5.2 Experimental 	
5.2.1 Reagents and Materials. Trioctylamine, trifluoroacetic acid (TFA), and 
guanidine hydrochloride (GuHCl) were purchased from Acros Organics (Morris Plains, 
NJ, USA). Trihexyl(tetradecyl)phosphonium chloride was obtained from Strem 
Chemicals (Newburyport, MA, USA). Manganese(II) chloride tetrahydrate (MnCl2 
4H2O) was purchased from Alfa Aesar (Haverhill, MA, USA) while iron(III) chloride 
hexahydrate (FeCl3 6H2O), benzyl bromide, sodium dodecyl sulfate (SDS), albumin from 
chicken egg white, and DNA sodium salt from salmon testes (sDNA, approximately 20 
kbp) were purchased from Sigma Aldrich (St. Louis, MO, USA). DNase I from bovine 
pancreas (approximately 2,000 U/mg) was obtained from Roche (Basel, Switzerland). 
Sodium hydroxide, potassium acetate, acetic acid, and silica gel sorbent (230-400 mesh) 
were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Tris(hydroxymethyl) 
aminomethane (Tris) and the corresponding hydrochloride (Tris-HCl), agar, Luria 
Bertani media, and agarose were purchased from P212121 (Ypsilanti, MI, USA). NEB 5-
alpha Competent Escherichia coli cells and Phusion High-Fidelity DNA Polymerase 
were purchased from New England Biolabs (Ipswich, MA, USA). The pET-32 plasmid 
and synthetic oligonucleotide primers used in this study were purchased from EMD 
Millipore (Billerica, MA, USA) and IDT (Coralville, IA, USA), respectively. A 1 kb Plus 
DNA Ladder (250−25,000 bp) was obtained from Gold Biotechnology, Inc. (St. Louis, 
MO, USA). SYBR Safe DNA Gel Stain was purchased from Life Technologies 
(Carlsbad, CA, USA) and bromophenol blue was obtained from Santa Cruz Biotech 
(Dallas, TX, USA). The QIAamp DNA Mini Kit used for preparing pDNA standards was 
purchased from Qiagen (Valencia, CA, USA). The concentration of all pDNA standards 
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was determined using a Nanodrop 2000c spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA). 
5.2.2 Synthesis of Magnetic Ionic Liquids. The chemical structures of the three MILs 
investigated in this study are shown in Figure 5-1. The [P66614+][FeCl4−], 
[N888Bn+][FeCl3Br−], and [P66614+]2[MnCl42−] MILs were synthesized by following 
previously reported procedures.21,23 Detailed synthetic methods and characterization data 
(Figures 5-S1-S3, Table 5-S1) are given in the Supporting Information. Prior to use in 
DNA preservation experiments, MILs were dried in vacuo for at least 24 h. 
 
Figure 5-1. Chemical structures of the three hydrophobic MILs used in this study. MIL 
(1) [P66614+][FeCl4−], (2) [N888Bn+][FeCl3Br−], (3) [P66614+]2[MnCl42−]. 
 
5.2.3 Preservation of sDNA within MILs. A schematic for the general procedure used 
in the sDNA preservation experiments is depicted in Figure 5-2. A formulation of MIL 
and DNase I was prepared by mixing 20 µL of MIL and 20 U of DNase I (approximately 
10 µg) in a microcentrifuge tube. The mixture was incubated at room temperature for 1 h 
and subsequently spiked with 10 µg of sDNA. The sample was then stored for 24 to 72 h 
under ambient conditions or at −20 °C. Once the predetermined storage time had elapsed, 
sDNA was recovered from the MIL using a previously reported silica-based solid phase  
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Figure 5-2. Schematic depiction of sDNA preservation in MILs treated with DNase I.  
 
extraction (SPE) technique.27 Details regarding the SPE procedure can be found in the 
Supporting Information. The purified sDNA was analyzed by agarose gel electrophoresis 
on a BRL H4 Horizontal Gel Electrophoresis system (Life Technologies) using a dual 
output power supply (Neo/Sci, Rochester, NY, USA). Gels were visualized using a Safe 
Imager 2.0 transilluminator (Invitrogen, Carlsbad, CA, USA).  
5.2.4 Partitioning behavior of DNase I. The partitioning of DNase I to hydrophobic 
MILs was investigated using a single drop extraction (SDE) method, as shown in Figure 
5-S4. A 20 µL droplet of MIL was suspended from the tip of a 0.66 T rod magnet and 
immersed in 1.25 mL of 1,000 µg mL−1 DNase I in 10 mM Tris (pH 8.5). The solution 
was stirred at a constant rate of 85 rpm for all extractions. For each time point studied, 20 
µL of the aqueous phase was analyzed by HPLC with UV detection at 280 nm using a 
1260 Infinity Binary LC system equipped with a variable wavelength detector (Agilent 
Technologies, Santa Clara, CA). Separations were performed on an Agilent Zorbax 
300SB-C8 (250 mm × 4.6 mm i.d., 5 µm particles) with mobile phases A and B 
comprised of 0.1% TFA in water and 0.1% TFA in ACN, respectively. The solvent 
gradient used in the separation of DNase I was as follows: 10% B from 0 min − 3 min, 
increase to 30% B over 2 min, increase to 95% B over 6 min, and a final isocratic step at 
95% B for 2 min. The column was re-equilibrated at 10% B prior to the next injection. 
5.2.5 PCR amplification of pDNA treated with DNase I and stored within MIL 
solvents. The influence of MILs on the stability of pDNA was investigated using an 
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approach similar to what was employed for the sDNA experiments. A 20 µL droplet of 
MIL was mixed with 20 U of DNase I and incubated at room temperature for 1 h. Next, 
10 µg of pDNA encoding 5’-methylthioadenosine phosphorylase (MTAP, 879 bp) was 
added to the mixture. The sample was then stored for 3 to 7 days at room temperature or 
−20 °C. Following storage, pDNA was directly amplified from the MIL droplet on a 
Techne FTgene2D thermal cycler (Burlington, NJ, USA) using a PCR method recently 
reported by our group.28 The buffer composition, primer sequences, and thermal 
conditions employed for PCR amplification are described in the Supporting Information. 
Following PCR, amplicons were subjected to agarose gel electrophoresis. 
5.2.6 Transformation of E. coli with pDNA exposed to DNase I within MILs. To 
evaluate the biological activity of pDNA treated with DNase I, 20 µL of the 
[P66614+]2[MnCl42−] MIL was mixed with 20 U of DNase I and incubated at room 
temperature for 1 h. The sample was then spiked with 5 µg of pDNA and stored for 24 h 
at room temperature. A 0.5 µL aliquot of the mixture was added to 20 µL of competent E. 
coli cells in a microcentrifuge tube and subjected to heat-shock transformation according 
to the supplier’s instructions. The transformation protocol used for all experiments is 
described in the Supporting Information. Transformed E. coli cells were cultured 
overnight at 37 °C on LB agar with 100 µg mL−1 carbenicillin.  
5.3 Results and Discussion 
 
5.3.1 Effect of MILs on the enzymatic activity of DNase I. By combining the long-
term DNA storage compatibility of conventional ILs with the paramagnetic properties of 
MIL solvents, MILs may provide both a selective extraction phase as well as a nucleic 
acid preservation medium that is readily manipulated by a magnetic field. We first 
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investigated the feasibility of preserving DNA within MILs treated with DNase I. DNase 
I is an endonuclease that nonspecifically degrades single- and double-stranded DNA with 
a slight preference for cleaving alternating pyrimidine/purine sequences.29 A previous 
study reported that 2.5×10−3 U of pancreatic DNase I in 10 µL of aqueous solution were 
sufficient to completely degrade 2 µg of pBR322 plasmid DNA after just 30 min.30 In 
order to rigorously examine the effect of MILs on DNase I activity, 20 U of DNase I 
were mixed with 10 µg of sDNA in 10 mM Tris buffer (pH 8.5) or MIL. As shown in 
Figure 5-3A, sDNA stored in aqueous solution with DNase I could not be detected by 
agarose gel electrophoresis, indicating complete degradation of the nucleic acid. 
However, Figures 5-3B and D show that sDNA residing in the [P66614+][FeCl4−] or 
[N888Bn+][FeCl3Br−] MILs remained intact. Upon extending the storage duration to 72 h, 
as shown in Figures 5-3C and E, the intensity of the recovered sDNA on the agarose gel 
decreased for both the control and the DNase I treated sample. Although the recovery of 
sDNA from the MIL phase was diminished, these results indicate that MIL solvents 
provide sDNA with enhanced resistance to DNase I activity for up to 72 h at room 
temperature.  
 
Figure 5-3. Effect of DNase I on sDNA stored within (a) aqueous Tris buffer, (b, c) 
[P66614+][FeCl4−] MIL, or (d, e) [N888Bn+][FeCl3Br−] MIL at room temperature. 
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5.3.2 Partitioning of DNase I to MILs. While conventional ILs have been suggested 
to engage in a groove-binding mechanism to stabilize DNA,17,19,31 ILs may also play a 
role in the preservation of nucleic acids by destabilizing endonucleases.32 An important 
requirement for MIL-mediated inactivation of DNase I is the uptake of the endonuclease 
into the MIL phase. During the initial sDNA preservation experiments, a two-phase 
system was observed upon spiking the hydrophobic MIL with aqueous DNase I and 
DNA. In order to examine whether DNase I activity was diminished due to the exclusion 
of endonuclease from the MIL phase or inactivation within the MIL solvent, the 
partitioning of DNase I from aqueous solution to the hydrophobic MILs was investigated. 
Using a SDE technique, DNase I was equilibrated between 10 mM Tris buffer 
(pH 8.5) and the [P66614+][FeCl4−] MIL or the [N888Bn+][FeCl3Br−] MIL. The amount of 
DNase I extracted by the MIL phase was determined indirectly by analyzing an aliquot of 
the aqueous phase after extraction by HPLC. As shown in Figure 5-4, the amount of 
DNase I extracted by the [P66614+][FeCl4−] MIL increased until approximately 2 h, after 
which no appreciable change in the amount of DNase I extracted was observed. 
Interestingly, the amount of DNase I extracted by the [P66614+][FeCl4−] MIL was greater 
than the [N888Bn+][FeCl3Br−] MIL over the studied time points. This observation is 
consistent with a previous comparative investigation of ovalbumin extraction efficiencies 
for the [P66614+][FeCl4−] and [N888Bn+][FeCl3Br−] MILs in which relatively lower amounts 
of the polypeptide were extracted by the ammonium-based MIL.27 The extraction data 
from Figure 5-4 reveal that DNase I is not excluded from the hydrophobic MIL phase, 
but instead distributed between aqueous solution and the MIL. When coupled with the 
data from Figure 5-3, the results indicate that DNase I does not appear to retain 
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enzymatic activity within the studied hydrophobic MILs. This may be due to denaturation 
of the enzyme within the ionic solvent32 and/or stabilizing interactions between the MIL 
and DNA as observed for conventional ILs.11,17 
 
Figure 5-4. Single drop extraction of DNase I using the [P66614+][FeCl4−] MIL 
(diamonds) and the [N888Bn+][FeCl3Br−] MIL (circles). Extraction conditions: DNase I 
concentration: 1,000 µg mL−1 in 10 mM Tris (pH 8.5); solution volume: 1.25 mL; stir 
rate: 85 rpm; MIL volume: 20 µL.  
 
5.3.3 Enhanced stability of pDNA in MIL solvents. The resistance of pDNA toward 
enzymatic degradation was investigated by performing PCR amplification on pDNA 
samples stored in aqueous solution or within MIL solvents. In this approach, the MTAP 
gene was directly amplified from the pDNA template using a method previously 
described by our group.28 As shown in lane 2 of Figure 5-5, 5 µg of pDNA incubated for 
72 h at room temperature with 20 U of DNase I in 10 mM Tris (pH 8.5) could not be 
successfully amplified by PCR. This was likely due to the complete degradation of the 
nucleic acid template by DNase I. However, lanes 3 and 5 of Figure 5-5 show that an 
amplicon was obtained following PCR amplification when pDNA and DNase I were 
mixed with 20 µL of the [N888Bn+][FeCl3Br−] or [P66614+][FeCl4−] MIL. Sequence analysis 
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of the amplicon provided a nucleic acid sequence identical to a standard, as shown in 
Figures 5-S5−S7. 
 
Figure 5-5. Amplification of the 879 bp MTAP gene following incubation of pDNA (5 
µg) with DNase I (20 U) for 72 h at room temperature in aqueous buffer or MIL solvents. 
Lane 4 represents a control (standard MTAP gene) that was not incubated in MIL or 
aqueous solution. 
 
In order to determine whether the order of DNase I and DNA addition to the MIL 
solvent had an effect on DNA preservation, pDNA was mixed with the MIL before 
addition of DNase I. After spiking the MIL with 5 µg of pDNA and incubating for 1 h at 
room temperature, 20 U of DNase I were added and the mixture stored for 72 h at room 
temperature. Figure 5-S8 shows that direct PCR amplification of the MTAP gene was 
successful for pDNA stored in both [N888Bn+][FeCl3Br−] and [P66614+][FeCl4−] MILs, 
indicating that the order of DNase I/DNA addition to the MIL had no detectable effect on 
pDNA preservation. 
The effect of storage temperature was also examined for pDNA treated with 
DNase I. pDNA stored at −20 °C for 1 week with 20 U of DNase I in aqueous solution 
(10 mM Tris, pH 8.5) did not yield PCR-amplifiable DNA. Although the rate of DNA 
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degradation is slowed significantly at lower temperatures,8 it is conceivable that 20 U of 
DNase I are sufficient to hydrolyze the pDNA template immediately prior to the sample 
freezing, after the sample has thawed, and/or during PCR analysis. To examine whether 
DNase I retained activity when subjected to PCR thermal cycling, 1 U of DNase I was 
spiked into a standard PCR sample immediately prior to amplification. As shown in 
Figure 5-S9, gel electrophoresis of the PCR products indicate that amplification of the 
MTAP gene was unhindered by the addition of DNase I to the sample before PCR. These 
data suggest that DNase I exhibits activity during freeze/thaw cycles rather than during 
PCR analysis. In contrast, Figure 5-6 shows that pDNA was successfully amplified from 
the [P66614+][FeCl4−] MIL spiked with 20 U of DNase I after 1 week of storage at −20 °C. 
 
Figure 5-6. PCR amplification of the 879 bp MTAP gene after storing 5 µg of pDNA 
with 20 U of DNase I for 1 week at −20 °C in MIL solvent.  
 
It is important to note that the [P66614+][FeCl4−] MIL does not undergo any phase 
transition until −72 °C (Tg) and, therefore, is expected to be a liquid at −20 °C storage 
conditions. The results demonstrate that by utilizing MIL solvents for DNA preservation, 
sample degradation due to contaminating endonucleases can be minimized when 
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compared to conventional aqueous buffers, even when storing DNA under cryogenic 
conditions.  
5.3.4 Biological activity of pDNA following exposure to DNase I in MILs. The 
stability of pDNA in MILs was further examined using the expression of an antibiotic 
resistance gene as an indicator for biological activity. The studied pDNA is capable of 
conferring carbenicillin resistance to E. coli. Initially, the [P66614+][FeCl4−] MIL was 
spiked with both DNase I and pDNA and incubated at room temperature for 24 h. 
Competent E. coli cells were then spiked with 0.5 µL of the mixture and subjected to heat 
shock transformation. However, no colonies were observed following overnight 
incubation on the selective agar. This observation is likely due to the toxicity of high 
concentrations of Fe3+ toward E. coli cell lines,33 motivating us to explore a MIL 
possessing a relatively less toxic anion. Figure 5-S10 shows that when the same 
experiment was performed using the [P66614+]2[MnCl42−] MIL, E. coli were successfully 
transformed and cultured on selective agar. The transformation efficiency was 
determined by counting the number of colonies on the plate and found to be 3.1×105 cfu 
µg−1 of pDNA. While standard heat shock transformation in the absence of DNase I or 
[P66614+]2[MnCl42−] MIL generated an efficiency of 1.9×109 cfu µg−1, incubation of 
pDNA with DNase I in aqueous solution for 24 h at room temperature resulted in no 
detectable colonies after the transformation protocol. The results demonstrate that DNA 
can be preserved within the [P66614+]2[MnCl42−] MIL solvent and retains biological 
activity even after 24 h incubation with DNase I at room temperature. 
5.4 Conclusions 	
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In this study, hydrophobic MILs were applied for the first time as solvents to enhance 
the stability of DNA treated with DNase I. sDNA could be stored in the [P66614+][FeCl4−] 
and [N888Bn+][FeCl3Br−] MILs for up to 72 h at room temperature with DNase I, whereas 
the same amount of DNase I completely degraded the nucleic acid in aqueous buffer as 
determined by gel electrophoresis. Using a SDE technique, it was determined that DNase 
I was distributed between aqueous solution and the hydrophobic MIL phase and that the 
endonuclease was rendered inactive within the MIL solvent. pDNA stored with DNase I 
and the [P66614+][FeCl4−] and [N888Bn+][FeCl3Br−] MILs yielded PCR-amplifiable template 
after 72 h at room temperature. By lowering the storage temperature to −20 °C, 
successful PCR amplification of pDNA from mixtures of hydrophobic MIL and DNase I 
could be achieved even after 1 week. However, cryogenic storage conditions were not 
sufficient to preserve pDNA template treated with DNase I in aqueous solution, 
highlighting the importance of selecting an appropriate DNA storage medium. pDNA 
incubated with 20 U of DNase I within the [P66614+]2[MnCl42−] MIL at room temperature 
was found to retain biological activity, further demonstrating the applicability of MILs as 
DNA preservation media. When coupled with their paramagnetic properties, MILs afford 
a promising DNA extraction and storage platform that is amenable to automation by 
application of an external magnetic field. 
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Abstract 
 
In this study, a series of magnetic ionic liquids (MILs) were investigated for the 
extraction and preconcentration of bacteria from aqueous samples. By dispersing small 
volumes (e.g., 15 µL) of MIL within an aqueous cell suspension, bacteria were rapidly 
extracted and isolated using a magnetic field. Of the seven hydrophobic MILs examined, 
the trihexyl(tetradecyl)phosphonium Ni(II) hexafluoroacetylacetonate 
([P66614+][Ni(hfacac)3−]) MIL exhibited the greatest enrichment of viable Escherichia coli 
K12 when coupled with microbiological culture as the detection method. The MIL-based 
strategy was applied for the preconcentration of E. coli from aqueous samples to obtain 
enrichment factors (EF) as high as 44.6 in less than 10 min. The MIL extraction approach 
was also interfaced with polymerase chain reaction (PCR) amplification where the 
positive detection of E. coli was achieved with the [P66614+][Co(hfacac)3−], 
[P66614+][Ni(hfacac)3−], [P66614+][Dy(hfacac)4−], and [P66614+][Nd(hfacac)4−] MILs. While 
direct sampling of an aqueous cell suspension at a concentration of 1.68×104 colony 
forming units (CFUs) mL−1 yielded no amplicon when subjected to PCR, extraction of 
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the sample with the [P66614+][Ni(hfacac)3−] MIL under optimized conditions provided 
sufficient enrichment of E. coli for amplicon detection. Importantly, the enrichment of 
bacteria using the Ni(II), Co(II), and Dy(III)-based MILs was compatible with real-time 
quantitative PCR (qPCR) amplification to dramatically improve sample throughput and 
lower detection limits to 1.0 × 102 CFUs mL−1. The MIL-based method is much faster 
than existing enrichment approaches that typically require 24 h cultivation times prior to 
detection and could potentially be applied for the preconcentration of a variety of Gram-
negative bacteria from aqueous samples. 
6.1 Introduction 	
Analytical methods that determine bacteria in food, water supplies, clinical settings, 
and the environment are essential for preserving and improving public health. Without 
proper control measures, exposure to pathogenic bacteria may lead to negative health 
outcomes that include infections, gastrointestinal illness, and/or renal failure, particularly 
for individuals with compromised immune systems [1]. Since some pathogens can cause 
illness at extremely low concentrations, regulatory agencies may impose low or even 
“zero tolerance” policies for viable bacteria in water or food products [2, 3]. As a result, 
the development of rapid and sensitive techniques for unambiguous pathogen detection 
plays a central role in monitoring and minimizing public health risks. 
The isolation and preconcentration of bacteria from complex sample matrices has 
profound implications on the ability of a microbiological assay to meet requisite detection 
limits. Cell cultures, biosensors, and nucleic acid-based diagnostics (e.g., PCR) constitute 
sensitive detection methodologies, but are susceptible to false negative/false positive 
results when large quantities of background flora [4] or chemical interferences [5] are 
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insufficiently removed from the sample. Furthermore, sample heterogeneity due to non-
uniform distribution of bacteria, high viscosity, and/or suspended solids in the sample 
may influence assay detection limits and reproducibility [6], highlighting the importance 
of isolating and preconcentrating target bacteria prior to analysis. Enrichment cultures 
represent the most common and least expensive techniques for the preconcentration of 
viable bacteria. In these approaches, samples are incubated within a selective liquid 
cultivation medium in order to enrich target bacteria and suppress the growth of 
endogenous or contaminating microorganisms. Although culture-based enrichment 
methods have been employed for the analysis of microorganisms in food [7], 
environmental [8], and clinical samples [9], incubation times may range from several 
hours to several days depending on the microorganism [10], resulting in limited sample 
throughput. Moreover, some bacteria are uncultured or cannot be cultured in a laboratory 
setting and present considerable challenges when the detection of bacteria at low 
concentration levels is required. Contemporary sample preparation methods for the 
analysis of bacteria aim to increase sample throughput, specificity, and assay detection 
limits. 
Magnetic separation approaches exploit the magnetic behavior of a sorbent material 
and are frequently employed for the rapid and efficient enrichment of bacteria [11]. In 
these methods, a magnetoactive substrate is dispersed in a sample solution to extract 
small quantities of target bacteria and subsequently isolated by applying a magnetic field. 
Functionalized magnetic particles that utilize affinity [12] or immunoaffinity capture [13, 
14] have been shown to enhance the selectivity for target microorganisms while 
significantly decreasing the overall analysis time. Unfortunately, immunoaffinity 
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approaches require antibodies for pathogen capture that often exhibit poor stability under 
harsh sample conditions and are susceptible to denaturation [15]. Furthermore, these 
techniques require complicated substrate immobilization procedures to functionalize the 
magnetic support and are often cost-prohibitive for most users.  
Magnetic ionic liquids (MILs) are a class of compounds that have recently emerged 
as solvents for bioanalytical applications. By incorporating one or more paramagnetic 
component into the cation/anion moiety, MILs can be synthetically designed to exhibit 
susceptibility to an applied magnetic field [16-19]. While conventional ionic liquids (ILs) 
and IL-based sorbents have been successfully applied for the extraction of pathogens 
from food samples [20] and aqueous samples [21, 22], the paramagnetic nature of MILs 
represents a significant advantage over non-magnetic ILs and is ideal for magnet-based 
platforms that can be readily automated in order to achieve increased sample throughput. 
Similar to ILs, the ability to control the physicochemical properties of MILs by carefully 
designing their chemical structure has resulted in magnetoactive solvents with reduced 
cytotoxicity [23], hydrophobicity [24], and biomolecule extraction/preservation 
capabilities [25, 26]. Very recently, tetrahaloferrate(III)-based MILs were applied in a 
DNA extraction method that was directly interfaced with PCR amplification for the rapid 
detection of bacterial plasmid DNA in crude cell lysate [27]. Although diagnostic PCR 
assays are extremely valuable for many applications, the detection of viable bacteria in a 
sample is an important requirement for pathogen analysis and has yet to be investigated 
using a MIL-based sample preparation method.  
Herein, we describe a MIL-based approach for the preconcentration of viable E. coli 
cells from aqueous solution for subsequent analysis by microbiological culture and PCR 
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amplification. By dispersing hydrophobic MILs in a cell suspension, E. coli cells were 
rapidly extracted and the cell-enriched MIL isolated using an applied magnetic field. 
Viable E. coli cells were recovered from the MIL extraction phase by agitation in a 
nutrient broth and subsequently cultured on selective agar for detection. Interestingly, the 
enrichment of E. coli cells by MILs was dependent upon the paramagnetic metal that was 
incorporated into the chemical structure of the MIL, providing a basis for the tunable 
design of MILs to exhibit enhanced cell extraction performance. Under optimized 
conditions, the MIL comprised of a trihexyl(tetradecyl)phosphonium cation ([P66614+]) 
and Ni(II) hexafluoroacetylacetonate-based anion ([Ni(hfacac)3−]) was capable of 
enriching sufficient viable cells for the detection of E. coli at concentrations as low as 
1.68×102 CFUs mL−1 in aqueous solution using an extraction/recovery procedure 
requiring less than 10 min. The MIL-based extraction method was also coupled with PCR 
and real-time quantitative PCR (qPCR) amplification for the rapid analysis of E. coli, 
demonstrating the compatibility of MILs with both culture-based and nucleic acid-based 
methodologies for pathogen detection. 
6.2 Experimental 	
6.2.1 Reagents and Materials. Trihexyl(tetradecyl)phosphonium chloride was 
purchased from Strem Chemicals (Newburyport, MA, USA). Nickel(II) chloride, 
hexafluoroacetylacetone, and dimethylglyoxime were purchased from Acros Organics 
(NJ, USA) while gadolinium(III) chloride hexahydrate and manganese(II) chloride 
tetrahydrate were obtained from Alfa Aesar (Haverhill, MA, USA). Cobalt(II) chloride 
hexahydrate, dysprosium(III) chloride hexahydrate, and neodymium(III) hexahydrate 
were purchased from Sigma Aldrich (St. Louis, MO, USA). NEB-5α Competent E. coli 
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cells (K12 strain) with Super Optimal Broth with Catabolite Repression (SOC) outgrowth 
medium and Phusion High Fidelity DNA Polymerase were purchased from New England 
Biolabs (Ipswich, MA, USA). Deoxynucleoside triphosphates (dNTPs) were obtained 
from Thermo Scientific (Wilmington, DE, USA). SsoAdvanced Universal SYBR Green 
Supermix was used for all qPCR experiments (Bio-Rad, Hercules, CA, USA). Modified 
pET-32 plasmid was obtained from EMD Millipore (Billerica, MA, USA) and primers 
for PCR amplification were purchased from IDT (Coralville, IA, USA). Miller’s luria 
broth (LB) and agar for microbiological cultures were purchased from Fisher Scientific 
(Fair Lawn, NJ, USA). Carbenicillin, agarose, tris(hydroxymethyl)aminomethane and a 1 
kb plus DNA ladder were purchased from P212121 (Ypsilanti, MI, USA). SYBR Safe 
DNA gel stain was obtained from Life Technologies (Carlsbad, CA, USA). All stock 
solutions and dilutions were made using deionized water (18.2 MΩ cm) from a Milli-Q 
water purification system (Millipore, Bedford, MA, USA).  
6.2.2 Synthesis of MILs. The seven hydrophobic MILs used in this study were 
synthesized and characterized using procedures from the literature [28]. Detailed 
synthetic protocols for the MILs are described in the Electronic Supplementary Material 
(ESM). 
6.2.3 Instrumentation. All cell cultures were grown in an Eppendorf I24R incubator 
shaker (New Brunswick Scientific, Enfield, CT, USA) with a Horizon Plasmafuge-6 
(Fisher Scientific) subsequently used for cell harvesting. Vortex agitation was applied to 
cell suspensions and samples using a Barnstead/Thermolyne Type 16700 Mixer 
(Dubuque, IA, USA). The cuvette feature of a NanoDrop 2000c spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA) was used to measure the optical density of 
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aqueous cell suspensions. A Mettler Toledo NewClassic MF MS105 microbalance 
(Columbus, OH, USA) with 0.01 mg readability was used to measure the mass of MILs. 
UV-vis absorption data for the determination of Ni(II) and Co(II) sorption by E. coli cells 
were collected using a BioTek Synergy H1 microplate reader (Winooski, VT, USA). 
PCR experiments were conducted using a Techne FTgene2D thermal cycler (Burlington, 
NJ, USA) and gel electrophoresis performed on a BRL H4 Horizontal Gel 
Electrophoresis system (Life Technologies) using a dual output power supply (Neo/Sci, 
Rochester, NY, USA). qPCR amplification was conducted using a CFX96 Touch Real-
Time PCR Detection System from Bio-Rad. A Safe Imager 2.0 transilluminator 
(Invitrogen) was used for the visualization of all agarose gels. A 0.9 T cylindrical magnet 
purchased from K&J magnetics (Pipersville, PA, USA) was used to manipulate the MIL 
extraction solvent during extraction procedures. Colonies were cultured on LB agar plates 
using a Barnstead/Thermolyne Type I42300 Incubator. 
6.2.4 Transformation and Cell Cultures. Competent E. coli cells were transformed 
with modified pET-32 plasmid DNA (pDNA) containing the 5’-methylthioadenosine 
phosphorylase (MTAP) gene and carbenicillin resistance gene. Briefly, 20 µL of 
competent cells were thawed on ice for 10 min and spiked with 94.5 ng of pDNA. After 
the sample tube was gently flicked and placed on ice for 30 min, the mixture was 
subjected to heat shock at 42 °C for 30 s and once again chilled on ice for 5 min. The cell 
suspension was mixed with 950 µL of room temperature SOC outgrowth medium and the 
mixture incubated at 37 °C for 60 min. The transformed cells were then cultured in 5 mL 
of LB media containing 100 µg mL−1 carbenicillin for 24 h. A 500 µL aliquot of the 
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culture was mixed with 500 µL of sterile 50% glycerol (v/v) and stored at −80 °C for 
later use. 
For each cell extraction experiment, 2 mL of sterile LB media with 100 µg mL−1 
carbenicillin was inoculated with 0.5 µL of E. coli glycerol stock and incubated overnight 
at 37 °C and 225 rpm. The overnight culture was centrifuged at 2820g for 8 min and the 
supernatant discarded. The cells were then vortexed for 15 s in 2 mL of deionized water 
and centrifuged once again at 2820g for 8 min. Following a total of three washes, the 
cells were resuspended in 1 mL of deionized water. The concentration of cells within the 
suspension was initially determined by measuring the optical density of the sample at 600 
nm (OD600), where an OD600 equal to 1.000 represents 8×108 E. coli cells mL−1. The 
bacterial suspension was diluted to an OD600 value of 0.021 (1.68×107 cells mL−1), after 
which 10-fold serial dilutions were performed to yield the desired sample concentration. 
Since the sample concentrations were below the detection limit of the spectrophotometer, 
the final concentration of each sample (in CFUs mL−1) was obtained using a plate 
counting method. Briefly, 10 µL of diluted cell suspension were mixed with 990 µL of 
LB media and vortexed for 3 min. A 100 µL aliquot of the suspension was spread onto a 
selective LB agar plate with 100 µg mL−1 carbenicillin and incubated overnight at 37 °C 
to obtain visible colonies. 
6.2.5 MIL-based Whole Cell Extraction. A general schematic for the MIL-based cell 
extraction procedure is depicted in Figure 6-1. In a 4 mL screw cap glass vial, a 
controlled volume (e.g., 15 µL) of the [P66614+][Ni(hfacac)3−] MIL was added to 2 mL of 
diluted cell suspension and dispersed into microdroplets by vortex agitation for 30 s. 
Following the dispersive extraction, a 0.9 T magnetic field was applied in order to collect 
	 104 
the cell-enriched MIL extraction phase. After the aqueous phase was decanted, the MIL 
was subjected to a static wash with 2 mL of deionized water to ensure that residual cell 
suspension was removed. The extracted E. coli cells were recovered from the MIL 
solvent by vortexing the MIL in 1 mL of LB media for 120 s. Following back-extraction, 
aliquots of the cell-enriched LB media were cultured on selective agar as well as 
analyzed by PCR. 
 
Figure 6-1. Schematic depiction of MIL-based cell extraction.  
 
6.2.6 Selective Culture and Colony Enumeration. In order to detect viable bacteria 
recovered from the MIL extraction solvent, a culture-based method selective for E. coli 
transformants was employed. Following MIL-based extraction, a 100 µL aliquot of the 
LB back-extraction solution was plated on LB agar containing 100 µg mL−1 carbenicillin 
and incubated overnight at 37 °C. Visible colonies were counted, tabulated, and 
compared to the colonies obtained for 100 µL of the same diluted cell suspension 
subjected to the extraction. The enrichment factor (EF) from the MIL-based extraction 
was calculated as shown in Equation 1, where CMIL is the concentration of CFUs 
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following MIL-based extraction and CS represents the concentration of CFUs in the 
bacterial suspension prior to extraction. E! = !!"#!!  (1) 
The volume of MIL used for the calculation of CMIL was determined from the mass of 
MIL transferred into the sample solution prior to extraction and the density of the MIL.  
6.2.7 PCR and Gel Electrophoresis. Following the recovery of E. coli cells from the 
MIL extraction phase, an aliquot of the LB back-extraction solution was analyzed by 
PCR. Briefly, a 1 µL aliquot of cell-enriched LB back-extraction solution was mixed with 
35.5 µL of deionized water, 10 µL of 5X Phusion HF buffer, 1 µL of 0.2 mM dNTP mix, 
0.5 µL (1 U) of Phusion DNA polymerase, and 1 µL of a 0.2 µM solution of each primer 
resulting in a total reaction volume of 50 µL. Primers for amplification of the 879 bp 
MTAP gene from pDNA possessed the following sequences:  5′ TGC TGT TCC AGG 
GAC CT 3′ and 5′ GAA TTC GGA TCC GGA CGC 3′. The thermal protocol used for 
amplification of the MTAP gene was as follows: 5 min initial denaturation at 95 °C 
followed by 30 cycles of 30 s denaturation at 95 °C, 45 s annealing at 54 °C, and 
elongation for 45 s at 72 °C. 
After thermal cycling, the PCR products were mixed with 10 µL of bromophenol blue 
tracking dye solution (30% glycerol v/v) and loaded on a 1% agarose gel stained with 
SYBR Safe DNA gel stain. The PCR amplicon was subjected to electrophoresis at 
approximately 4 V cm−1 and subsequently visualized using a transilluminator. 
6.3 Results and Discussion 	
6.3.1 Extraction of Viable E. coli Cells using Hydrophobic MILs. The enrichment of 
viable bacteria from a sample solution is often accomplished using time-consuming 
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culture-based methods that are tedious and difficult to automate. In contrast, a MIL-based 
method may provide a rapid approach to extract and preconcentrate bacteria while also 
permitting the extraction phase to be easily manipulated using a magnetic field. The 
chemical structures of seven hydrophobic MILs that were examined in this study for the 
extraction of E. coli cells are shown in Figure 6-2. In order to determine if the MILs were  
 
Figure 6-2. Chemical structures of the seven hydrophobic MILs investigated for the 
extraction of E. coli from aqueous samples. 
 
capable of extracting viable E. coli cells, aqueous solutions containing 1.68×105 CFUs 
mL−1 of cells were extracted with each of the seven MILs using the approach depicted in 
Figure 6-1. Following back-extraction from the MIL phase with LB media and 
subsequent culture on selective agar plates, visible colonies were observed from the 
extractions employing the [P66614+][Ni(hfacac)3−] and [P66614+][Co(hfacac)3−] MILs with 
the greatest number of colonies obtained from the Ni(II)-based MIL extractions. These 
results indicated that the Ni(II) and Co(II)-based MILs were capable of extracting cells 
from aqueous solution and that the E. coli remained viable throughout the extraction and 
recovery process. Interestingly, the Mn(II), Fe(III), and rare earth-based MILs (i.e., Dy, 
Gd, Nd) possess very similar chemical structures to the [P66614+][Ni(hfacac)3−] and 
[P66614+][Co(hfacac)3−] MILs, but did not yield any visible colonies when applied for cell 
extraction.  
P
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Since culture-based methods are contingent upon the isolation of viable bacteria, the 
detection of E. coli following MIL-based cell extraction is influenced by the cytotoxicity 
of MILs. In order to study the effect of MILs on the growth of E. coli, a 1 mL aliquot of 
LB media was inoculated with 8.0×102 ± 0.5×102 CFUs mL−1 and spiked with 
approximately 10 µL of MIL. The mixture was agitated by vortex to simulate the 
recovery procedure followed by plating a 100 µL aliquot of the suspension on selective 
agar. As shown in Figure 6-S1, the Ni(II), Co(II), Mn(II), Dy(III), and Nd(III)-based 
MILs had little to no influence on the growth of E. coli when compared to a standard that 
had not been exposed to MIL. However, the [P66614+][Gd(hfacac)4−] and [P66614+][FeCl4−] 
MILs hindered the proliferation of cells (as indicated by fewer observable colonies), 
suggesting that these MILs exhibit toxicity toward E. coli K12 cells. Although the 
mechanism responsible for the decrease in cell viability is unknown, these findings are 
consistent with E. coli toxicity that was previously observed for Fe(III)-based MILs [26]. 
Since the MILs possessing [Mn(hfacac)3−], [Dy(hfacac)4−], and [Nd(hfacac)4−] anions did 
not influence the growth of E. coli under the conditions studied, the lack of observable 
colonies following extraction using these MILs can be attributed to poor extraction of 
cells from aqueous solution. To avoid complications with toxicity and to maximize the 
enrichment of viable E. coli cells, the [P66614+][Ni(hfacac)3−] MIL was selected for further 
extractions. 
6.3.2 Effect of MIL Volume on the Extraction and Preconcentration of E. coli 
from Aqueous Solution. The effect of MIL volume on the extraction of E. coli was 
studied by varying the volume of [P66614+][Ni(hfacac)3−] added to an aqueous cell 
suspension at 1.68×104 CFUs mL−1. Since EF values are highly dependent upon the 
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volume of extraction phase, the exact volumes of MIL dispensed into the aqueous cell 
suspension were calculated from the mass of MIL added to the sample and MIL density. 
The calculated volumes were 2.89 ± 0.24 µL, 5.42 ± 0.15 µL, 9.72 ± 0.38 µL, and 12.82 
± 0.10 µL, corresponding to 5 µL, 10 µL, 15 µL, and 20 µL of MIL initially withdrawn 
into the pipette, respectively. Since the studied MILs exhibit remarkable hydrophobic 
character (as low as 0.01% (v/v)), their solubility in aqueous solution was negligible 
especially when considering the short duration of the extraction protocol. As shown in 
Figure 6-3, an inverse relationship between MIL volume and EF was observed with a 
MIL volume of 5 µL resulting in the greatest EF value of 44.6 ± 5.2. However, the total 
number of CFUs obtained following extraction remained consistent for the range of MIL 
volumes studied with relative standard deviations (RSD) from 7.0% to 12.5% (n = 3). 
Since the lower MIL volumes tended to adhere to the walls of the sample vial and 
preclude manipulation of the extraction phase with a magnetic field, 9.72 µL of MIL 
(exact volume dispensed) was selected for subsequent experiments. 
 
Figure 6-3. Effect of MIL volume on the extraction of E. coli from aqueous solution. 
Conditions: MIL [P66614+][Ni(hfacac)3−]; E. coli concentration: 1.68×104 CFUs mL−1; 
sample volume: 2 mL; extraction time: 30 s; back-extraction time: 2 min; detection: plate 
counting.  
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6.3.3 Effect of Extraction and Back-extraction Time. The effect of extraction time 
on the enrichment of E. coli was investigated from 15 s to 300 s using the 
[P66614+][Ni(hfacac)3−] MIL. As shown in Figure 6-4a, an initial increase in EF was 
observed between 15 s and 30 s extraction times, after which the EF remained constant at 
approximately 15. The short duration required to achieve the maximum enrichment of 
 
Figure 6-4. Effect of a) extraction time and b) back extraction time on the 
preconcentration of E. coli from aqueous solution. Conditions: MIL 
[P66614+][Ni(hfacac)3−]; E. coli concentration: 1.68×104 CFUs mL−1; sample volume: 2 
mL; MIL volume: 15 µL (9.72 µL dispensed); detection: plate counting. 
 
viable E. coli cells is likely due to the dispersive nature of the extraction method where 
the formation of MIL microdroplets enables rapid mass transfer of cells from the aqueous 
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sample to the extraction phase. In order to maintain high EF values while minimizing the 
time required for extraction, an optimal extraction time of 30 s was selected. 
The effect of back-extraction time (from 30 s to 300 s) on the recovery of viable cells 
from the MIL extraction phase was investigated using LB nutrient media. As shown in 
Figure 6-4b, the recovery of E. coli from the MIL was unchanged when back-extraction 
times longer than 60 s were employed. To ensure adequate mixing of the cell-enriched 
MIL with the back-extraction media, 120 s was selected as the optimized method 
resulting in EF values of 15.4 ± 0.8 (n = 3).  
6.3.4 Insight into the Mechanism of MIL-based Cell Extraction. Since the nutrient 
composition of growth media is also known to influence E. coli viability [29], the nature 
of the back-extraction solution was also studied. When the Mg2+-rich SOC media was 
employed for cell recovery from the MIL (120 s back-extraction), no change in the EF 
was observed. Interestingly, back-extraction solutions consisting of deionized water and 
10 mM Tris-HCl (pH 8) produced no detectable colonies after culture on the selective 
agar. Since Gram-negative E. coli cells possess a negatively charged cell wall, this 
observation may be due to the high ionic strength of the nutrient media that assists in 
recovery of the cells from the ionic extraction phase. To test this hypothesis, a back-
extraction solution was prepared that mimicked the NaCl concentration of LB media (10 
mg mL−1). Using optimized extraction conditions (vide supra), the NaCl back-extraction 
solution yielded an EF of 5.1 ± 0.8 (n = 3). Although fewer viable cells were recovered 
from the MIL extraction phase using 10 mg mL−1 NaCl than when LB media was 
employed, the results demonstrate that ionic strength plays an important role in 
recovering E. coli from the Ni(II)-based MIL. 
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Since the EF values varied with the identity of metal within the chemical structure of 
the MIL, the sorption of metal ions by E. coli was investigated. For these experiments, 
cells were resuspended in an aqueous solution of 3.86 mM NiCl2 or 3.86 mM CoCl2 
6H2O and subjected to vortex agitation for 30 s. The cells were then centrifuged and the 
amount of Ni(II) or Co(II) remaining in the supernatant was determined by a 
dimethylglyoxime (dmg) complexation assay with UV absorption (details in the ESI). 
Based on an external calibration curve, 84.9 ± 1.3% (n=3) of the Ni(II) was bound by the 
E. coli cells (Figures 6-S2-S3, Table 6-S1). When the same test was performed with 
CoCl2, just 47.6 ± 3.8% (n=3) of Co(II) was depleted from the aqueous mixture (Figure 
6-S4, Table 6-S2). These data indicate that the differential extraction of E. coli by MILs 
may be due to interactions between the bacteria and the metal ions within the MIL 
chemical structure. 
6.3.5 Rapid Detection of E. coli with PCR Amplification. Nucleic acid-based 
methods (e.g., PCR) have become increasingly popular for the detection of pathogens in 
food, environmental, and clinical samples to increase sample throughput and achieve 
lower detection limits. To demonstrate the compatibility of the MIL-based cell 
enrichment method with PCR amplification, aqueous samples were inoculated with E. 
coli transformants possessing the 879 bp MTAP gene at concentrations ranging from 
4×108 to 3×107 CFUs mL−1 and extracted using the [P66614+][Co(hfacac)3−] MIL under 
optimized conditions. After extraction, 0.5 µL of the cell-enriched MIL phase was 
directly transferred into the PCR reagent mixture and heated at 95 °C for 5 min to induce 
cell lysis and the release of nucleic acids into solution. As shown in Figure 6-S5, the 
intensity of the MTAP amplicon decreased when the concentration of cells in the sample 
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solution was lowered. While the direct PCR detection modality provided a rapid assay for 
the detection of E. coli, the method was only suitable for the detection of relatively large 
quantities of cells (approximately 107 CFUs mL−1) in aqueous samples likely due to 
inhibition caused by the MIL.  
In order to improve detection limits, cells were recovered from the MIL phase using 
nutrient broth and a 1 µL aliquot of LB media was analyzed by PCR amplification. The 
six hexafluoroacetylacetonate-based MILs were applied for the extraction of E. coli at 
concentrations ranging from 1.68×105 CFUs mL−1 to 1.68×104 CFUs mL−1. As shown in 
Figure 6-5, performing the cell recovery step prior to PCR permitted the detection of 
bacterial pDNA from aqueous suspensions of E. coli at 1.68×105 CFUs mL−1 when 
applying the [P66614+][Co(hfacac)3−], [P66614+][Dy(hfacac)4−], and [P66614+][Nd(hfacac)4−] 
 
Figure 6-5. PCR amplification following MIL-based extraction of whole E. coli cells. A 
1 µL aliquot of nutrient broth back-extraction solution was subjected to PCR using 
primers for the MTAP gene. Extraction conditions: sample volume: 2 mL; MIL volume: 
15 µL (9.72 µL dispensed); extraction time: 30 s; back-extraction time: 2 min; cell 
concentration: 1.68×105 CFUs mL−1 or 1.68×104 CFUs mL−1 (for Ni-based MIL); volume 
of LB media added to PCR reagents: 1 µL. 
 
MILs as extraction media. However, the [P66614+][Ni(hfacac)3−] MIL was the best 
performing extraction phase under the studied conditions and provided sufficient cell 
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enrichment for the detection of E. coli from a 2 mL sample containing 1.68×104 CFUs 
mL−1. It is important to note that a 1 µL aliquot of the aqueous cell suspension (1.68×105 
CFUs mL−1) prior to MIL-based enrichment did not yield any detectable amplicon after 
being subjected to PCR.  
Since the [Dy(hfacac)4−] and [Nd(hfacac)4−]-based MILs did not extract sufficient 
viable cells for culture-based detection, it is conceivable that PCR amplification may 
have resulted from the extraction of cell-free DNA in the aqueous sample. To investigate 
this, 2 mL of an aqueous E. coli suspension (1.68×105 CFUs mL−1) were passed through 
a sterile 0.22 µm syringe filter and the filtrate (lacking E. coli) was extracted using the 
Dy(III) and Nd(III)-based MILs. No amplicon was detected following PCR, indicating 
that cell-free DNA was not extracted by the [P66614+][Dy(hfacac)4−] and 
[P66614+][Nd(hfacac)4−] MILs in sufficient quantity for detection by PCR. Similarly, no 
amplicon was detected after extracting the cell filtrate using the [P66614+][Ni(hfacac)3−] 
MIL. These findings suggest that the PCR assay is more sensitive than the culture-based 
method following enrichment with the [Dy(hfacac)4−] and [Nd(hfacac)4−]-based MILs, 
which is consistent with previous reports comparing the sensitivity of PCR and 
microbiological cultures for E. coli detection [30, 31]. It should be noted that PCR assays 
are unable to distinguish between live and dead cells and, therefore, are complementary 
to microbiological culture for the determination of viable cells in a sample. 
6.3.6 qPCR Amplification and Application to Real Samples. Although useful as a 
detection strategy in many cases, end-point PCR requires a post-amplification 
electrophoretic separation step prior to data analysis that is often time consuming and 
labor-intensive. In order to improve sample throughput, the MIL-based preconcentration 
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approach was interfaced with qPCR amplification. On the basis of their compatibility 
with end-point PCR, the [P66614+][Ni(hfacac)3−], [P66614+][Co(hfacac)3−], and 
[P66614+][Dy(hfacac)4−] MILs were employed for the extraction of E. coli cells at a 
concentration of 1.68×104 CFUs mL−1 with detection by qPCR. Figure 6-6 shows the 
amplification curves obtained upon qPCR amplification of E. coli transformants 
recovered from each of the three MILs. As expected, the Ni(II)-based MIL exhibited a 
 
Figure 6-6. qPCR amplification curves following extraction of E. coli from aqueous 
solution at a concentration of 1.68×104 CFUs mL−1. NTC indicates a control where no 
bacteria or template DNA were added to the sample. Extraction conditions: sample 
volume: 2 mL; MIL volume: 15 µL (9.72 µL dispensed); extraction time: 30 s; back-
extraction time: 2 min; volume of LB media added to PCR reagents: 1 µL. 
 
lower quantification cycle (Cq) value than the Co(II) or Dy(III)-based MILs indicating 
that a greater quantity of E. coli cells were extracted. In contrast to end-point PCR, the  
[P66614+][Co(hfacac)3−] and [P66614+][Dy(hfacac)4−] MILs extracted sufficient bacteria for 
detection using the qPCR assay even at E. coli concentrations as low as 1.68×104 CFUs 
mL−1. Figure 6-S6 shows that when the E. coli concentration was 100 cells mL−1, the 
[P66614+][Ni(hfacac)3−] MIL was capable of extracting a sufficient quantity of cells for 
detection by qPCR. The results were comparable to centrifuging a 2 mL solution 
containing 100 cells mL−1 and resuspending the cells in 100 µL of deionized water prior 
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to qPCR amplification. No qPCR signal was detected for a sample at the same 
concentration without a sample pretreatment step. 
To examine the practical application of the MIL-based extraction method was applied 
for the detection of bacteria in milk. E. coli cells were spiked into milk (2% milk fat) at a 
concentration of 1.68×104 cells mL−1 and extracted using the [P66614+][Ni(hfacac)3−] MIL 
under the optimized conditions. As shown in Figure 6-7, the qPCR signal was diminished 
for the bacteria extraction from 2% milk when compared to MIL-based extractions from 
aqueous solution. qPCR amplification could be improved by diluting the milk with 
 
Figure 6-7. Extraction of E. coli at a concentration of 1.68×104 CFUs mL−1 from milk 
samples (2% milk fat). The green qPCR amplification curve shows a milk sample that 
was diluted with deionized water prior to extraction. NTC indicates a control where no 
bacteria or template DNA were added to the sample. Extraction conditions: sample 
volume: 2 mL; MIL volume: 15 µL (9.72 µL dispensed); extraction time: 30 s; back-
extraction time: 2 min; volume of LB media added to PCR reagents: 1 µL. 
 
deionized water (1:1), likely due to the lower concentration of matrix interferences 
extracted by the MIL. The results demonstrate that MIL-based enrichment of bacteria is 
applicable for nucleic acid-based detection methods to provide increased sample 
throughput while simultaneously supporting culture-based assays for applications that 
require the identification of living microorganisms in a sample. 
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6.4 Conclusions 	
The detection of viable bacteria in food, environmental, or clinical samples is limited 
by time-consuming enrichment procedures (e.g., overnight cultures) that are often 
mandatory for the analysis of extremely small quantities of microorganisms. In this study, 
an approach for the preconcentration of bacteria from aqueous samples is described using 
a MIL as the extraction phase. Dispersion of the MIL within an aqueous cell suspension 
enabled the rapid enrichment of E. coli with subsequent isolation of the cell-enriched 
MIL accomplished by application of an external magnetic field. Microbiological culture 
revealed that cells recovered from the MIL extraction phase were viable, enabling the 
positive detection of living bacteria using the MIL-based method. The 
[P66614+][Ni(hfacac)3−] MIL afforded EF values as high as 44.6 and, under optimized 
conditions, enabled the detection of E. coli in aqueous samples at concentrations of 
1.68×104 CFUs mL−1 with total sample preparation times less than 10 min. The MIL-
based enrichment approach was also coupled with PCR amplification to further increase 
sample throughput and demonstrate broad applicability of the method. Of the seven MILs 
examined, the Co(II), Dy(III), Nd(III), and Ni(II)-based MILs extracted sufficient E. coli 
transformants to yield an amplicon at concentrations as low as 1.68×105 CFUs mL−1 
(1.68×104 CFUs mL−1 for [P66614+][Ni(hfacac)3−]). When combined with qPCR 
amplification, the MIL-based approach was capable of detecting E. coli at 1.68×102 
CFUs mL−1 while circumventing the need for tedious post-PCR processing steps. 
Considering the rapid diagnostic capabilities of PCR and the importance of determining 
cell viability using cell cultures, MIL-based preconcentration of bacteria constitutes a 
versatile enrichment strategy that is compatible with both downstream detection methods. 
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CHAPTER 7 	
GENERAL CONCLUSIONS 
 
The first chapter of this dissertation establishes a DNA extraction method that 
exploits the structural tunability and magnetic susceptibility of magnetic ionic liquid 
solvents. Conventional DNA extraction methods including phenol-chloroform LLE and 
silica-based SPE require multiple, tedious sample preparation steps that are difficult or 
expensive to automate. In this study, three MILs were applied for the extraction of DNA 
from aqueous solution and bacterial cell lysate. By dispersing the MIL solvent into fine 
droplets within the sample, rapid mass transfer of DNA to the MIL phase was 
accomplished. Application of a magnetic field facilitated the isolation of the DNA-
enriched MIL for downstream PCR amplification in a process that circumvented the need 
for centrifugation. Importantly, the structure of the MIL dictated the extraction 
efficiencies for DNA and the quantity of co-extracted albumin. 
The second chapter of this dissertation describes the development of a PCR buffer 
compatible with MIL solvents to enable the direct coupling of MIL-based extraction with 
PCR amplification. Initially, MIL solvents were found to completely inhibit PCR 
amplification. The structural features of MILs that were responsible for PCR inhibition 
were identified by individually treating PCR samples with structural analogues of the 
MIL cation and anion components. Apart from the heavily alkylated [P66614+] cation that 
inhibited PCR, the iron(III)-based anion underwent hydrolysis at the elevated 
temperatures employed in the amplification process and ultimately lowered the sample 
solution pH below the optimal range for the DNA polymerase. A Tris buffer was 
designed comprising MgCl2, EDTA, and ovalbumin to recover DNA amplification in 
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PCR samples containing MIL solvent. MIL-based DNA extraction was then interfaced 
with the optimized PCR conditions to circumvent tedious DNA recovery procedures and 
provide a rapid approach for the extraction and detection of DNA in bacterial cell lysate. 
In Chapter 3, an approach for the sequence-specific capture of DNA using MILs and 
synthetic ion-tagged oligonucleotides is described. Magnetic beads/particles are prone to 
aggregation, resulting in diminished DNA extraction efficiencies and clogging of fluid 
handling devices. MILs are neat magnetic liquids and cannot aggregate, thus providing 
the ideal magnetic support for DNA extraction applications. In this study, novel 
hybridization probes known as ITOs were developed with imidazolium tags that had high 
affinities for hydrophobic MIL supports. The ITOs were synthesized by a rigorously 
optimized thiol-ene click reaction that resulted in the highest yields ever reported for 
bioconjugation of an alkene-bearing substrate and a thiolated oligonucleotide. A MIL-
ITO method was developed that relied on hybridization of the probe and target sequence 
followed by capture of the probe-target duplex by the hydrophobic MIL support. Upon 
release at elevated temperature, the target sequence was amplified by qPCR. Compared to 
a commercial magnetic bead-based method, the MIL-ITO approach provided 10-fold 
greater yields of target DNA extracted from a pool of interfering genomic DNA. 
Chapter 4 describes a MIL-based method for DNA preservation at room temperature. 
Since cryogenic storage is energy intensive and can result in DNA damage due to 
repeated freeze/thaw cycles, room temperature DNA preservation is highly desirable. 
DNA stored within MIL solvents was treated with DNase I and found to be stable for up 
to 72 h at room temperature. By comparison, DNA stored in aqueous buffer was 
completely degraded under the same conditions. Using a single-drop microextraction 
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technique, the partitioning of DNase I between aqueous solution and the hydrophobic 
MIL phase was investigated, revealing that DNase I exhibits lower activity within MIL 
solvents.  
The sixth chapter of this dissertation describes the extraction of viable bacteria using 
MILs. Pathogenic bacteria in food, water supplies, or clinical settings represent threats to 
public health, but are often require lengthy pre-enrichment cultures (e.g., hours or days) 
prior to detection and positive identification. In this study, a rapid MIL-based extraction 
method was optimized and applied for the capture of viable bacteria in liquid samples. 
High enrichment factors (approximately 46) for the extraction of E. coli from water were 
obtained using a low viscosity Ni(III)-based MIL in a magnet-based method that was 
coupled to both culture detection and qPCR. The method was successfully applied for the 
detection of bacteria in milk samples down to 104 CFU mL−1. 
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APPENDIX A 
SUPPORTING INFORMATION ACCOMPANYING 
CHAPTER 2 
 
Figure 2-S1.  Schematic describing the synthesis of the [(C16BnIM)2C122+][NTf2−, 
FeCl3Br−] (1) and [(C8)3BnN+][FeCl3Br−] (2) hydrophobic magnetic ionic liquids. 	
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Figure 2-S2. 1H NMR of compound 1A (DMSO, 400 MHz) δ(ppm): 1.14 (m, 16H), 1.75 
(m, 4H), 1.79 (m, 6H), 4.24 (t, J = 6.84 Hz, 4H), 7.19 (m, 4H), 7.58 (m, 4H), 8.22 (s, 
2H). 						
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Figure 2-S3. 13C NMR of compound 1A (DMSO, 400 MHz) δ(ppm): 26.07, 28.47, 
28.83, 29.35, 44.04, 110.41, 119.47, 121.32, 122.19, 133.75, 143.46, 144.04. 	
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Figure 2-S4. 1H NMR of compound 1C (CDCl3, 400 MHz) δ(ppm): 0.87 (m, 6H), 1.25 
(m, 68H), 2.01 (m, 4H), 4.48 (m, 8H), 7.74 (m, 8H), 9.42 (s, 2H). 
CARBONMRDICATIONICC16BENZIMIDAZOLEC12LINKERWITHNTF2ANION
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Figure 2-S5. 13C NMR of compound 1C (CDCl3, 400 MHz) δ(ppm): 14.40, 29.07, 29.23, 
29.74, 29.95, 32.19, 48.05, 113.33 127.68, 131.61, 141.09. 			
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Figure 2-S6. ESI mass spectrum of compound 1C (positive ion mode). 	
	
Figure 2-S7. 1H NMR of compound 2 (CDCl3, 400 MHz) δ(ppm): 0.87 (t, J = 6.35 Hz,  
9H), 1.25 (m, 30H), 1.75 (m, 6H), 3.29 (t, J = 8.06 Hz, 6H), 4.92 (s, 2H), 7.42 (m, 5H).	
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Figure 2-S8. 13C NMR of compound 2 (CDCl3, 400 MHz) δ(ppm): 14.30, 22.79, 26.47, 
29.06, 29.21, 30.37, 31.85, 47.38, 50.30, 54.51, 120.48, 125.61, 137.02.		
	
Figure 2-S9. UV-Visible absorbance spectrum of [FeCl3Br−]. 
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Figure 2-S10. MIL-based DNA extraction using the single droplet extraction approach. 
In this image, a 20 µL droplet of the benzyltrioctylammonium bromotrichloroferrate(III) 
MIL is suspended from a 0.66 T magnetic rod. 
 
 
 
 
Figure 2-S11. MIL-based DNA extraction using the dispersive droplet extraction 
approach. In (A) 20 µL of benzyltrioctylammonium bromotrichloroferrate(III) MIL is 
added to 2 mL of 4.17 nM DNA solution, (B) dispersion of MIL droplet is accomplished 
by shaking, and (C) collection of the MIL extraction phase by application of a 0.9 T 
magnetic field. 
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Figure 2-S12. Effect of MIL volume on extraction efficiency of stDNA. Open squares (
) denote the [P6,6,6,14+][FeCl4−] MIL and diamonds ( ) represent the 
[(C16BnIM)2C122+][NTf2−, FeCl3Br−] MIL.  
 
Figure 2-S13. Comparison of stDNA extraction efficiencies for three hydrophobic MILs 
from both a neat solution and a matrix containing metal ions (NaCl, KCl, CaCl2·2H2O, 
and MgCl2·6H2O). Open bars ( ) represent DNA extraction from a neat aqueous 
solution, while gray bars ( ) indicate extraction of DNA from a matrix containing metal 
ions. See experimental section for the concentration of the metal ions. 	 	
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Figure 2-S14. Electropherogram obtained from the sequencing of the MTAP gene 
amplified from pDNA extracted by the [(C8)3BnN+][FeCl3Br−] MIL. 
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Figure 2-S15. Electropherogram obtained from the sequencing of the MTAP gene 
amplified from standard pDNA. 
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Synthesis of Hydrophobic MILs. The synthesis of two novel hydrophobic MILs, 
namely, [(C16BnIM)2C122+][NTf2−, FeCl3Br−] (1) and [(C8)3BnN+][FeCl3Br−] (2), was 
performed as described as shown in Figure 2-S1. Briefly, compound 1A was synthesized 
by dissolving 0.1 mmol of benzimidazole, 2 mmol of potassium hydroxide, and 1.1 mmol 
of 1,12-dibromododecane in 10 mL DMSO. The mixture was stirred at room temperature 
for 24 h. Water was added to the reaction mixture and the contents subsequently 
transferred to a separatory funnel. Compound 1A was extracted with 4 × 40 mL aliquots 
of chloroform. Under reflux, 0.01 mmol of compound 1A was reacted with 0.02 mmol of 
bromohexadecane in 20 mL of acetonitrile for 48 h to yield compound 1B. After 
evaporation of solvent in vacuo, crude 1B was washed with diethylether and dried at 80 
ºC under reduced pressure for 12 h. Compounds 1C and 1D were synthesized by reacting 
0.01 mmol of 1B with either 0.21 mmol of LiNTf2 or 0.21 mmol of FeCl3·6H2O, 
respectively, in methanol at room temperature for 24 h. Equimolar amounts of 1C and 1D 
were mixed in methanol at room temperature for 24 h to obtain compound 1. After 
evaporation of the solvent under reduced pressure, compound 1 was washed with a slight 
excess of water. Finally, compound 1 was dried under vacuum at 80 ºC for 48 h. All 
intermediate compounds (1A, 1B and 1C) were characterized using 1H NMR, 13C NMR, 
and ESI-MS. Compound 1 was characterized using UV-Visible spectrophotometry and 
exhibited absorption bands at 531, 613, and 687 nm.  
The synthesis of MIL 2 involved reaction of 1 mmol of trioctylamine and 1.1 
mmol of benzylbromide in 25 mL of chloroform for 72 h under reflux conditions. The 
solvent was evaporated under reduced pressure followed by washing of the crude 
compound 2A with 100 mL of hexane. Compound 2A was then dried under vacuum at 60 
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ºC for 12 h. Characterization of 2A was performed using 1H NMR, 13C NMR, and ESI-
MS. Finally, reaction of equimolar amounts of compound 2A and FeCl3·6H2O in 
methanol at room temperature for 24 h yielded compound 2. After evaporation of the 
solvent, compound 2 was washed with deionized water to remove unreacted FeCl3·6H2O 
from the final product. Compound 2 was then dried under vacuum at 80 ºC for 48 h and 
characterized using UV-Visible spectrophotometry. 
Conditions for E. coli Cell Transformation and Cell Culture. NEB 5-alpha 
Competent E. coli cells were transformed with modified pET-32 plasmid DNA (pDNA) 
containing the 5’-methylthioadenosine phosphorylase (MTAP) gene. A 1 µL aliquot of 
purified pDNA (347 ng µL−1) was added to a microcentrifuge tube containing 20 µL of 
competent E. coli cells. The mixture was set on ice for 30 min. The solution was placed 
in a water bath at 40 ˚C for 42 s and subsequently chilled on ice for 2 min. A 250 µL 
aliquot of Luria Bertani (LB) media was added to the solution, which was then incubated 
at 37 ˚C for 1 h. Transformed E. coli cells were incubated in 100 mL of LB media with 
200 µg mL−1 carbenicillin at 37 ˚C for 20 h. 
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Figure 3-S1.  Effect of FeCl3 on the PCR amplification of an 879 bp gene from pDNA. 
Lane 1) 25.9 ng of pDNA in a standard PCR mix, 2) 0.1 µM FeCl3, 3) 1 µM FeCl3, 4) 5 
µM FeCl3, 5) 10 µM FeCl3, 6) 20 µM FeCl3, 7) 30 µM FeCl3, 8) 40 µM FeCl3.   !
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Figure 3-S2. Electropherogram obtained from sequencing the MTAP gene amplified 
from a pDNA standard. 
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Figure 3-S3. Electropherogram obtained from sequencing the MTAP gene amplified 
from a pDNA extracted by the [(C8)3BnN+][FeCl3Br−] MIL. 
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Figure 3-S4. Electropherogram obtained from sequencing the MTAP gene amplified 
from a pDNA extracted by the [P6,6,6,14+][FeCl4−] MIL. 
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Figure 3-S5. Schematic of MIL-based dispersive droplet extraction of DNA using the 
[(C8)3BnN+][FeCl3Br−] MIL. 
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Figure 4-S1. (A) 1H NMR and (B) positive ion mode ESI-MS for the [ABIM+][Br−] salt. 
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Figure 4-S2. (A) 1H NMR and (B) positive ion mode ESI-MS for the [AOIM+][Br−] salt. 
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Figure 4-S3. (A) 1H NMR and (B) positive ion mode ESI-MS for the [ABzIM+][Br−] 
salt. 
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Figure 4-S4. (A) 1H NMR and (B) positive ion mode ESI-MS for the [AMIM+][Br−] salt. 
 
 
Figure 4-S5. Extracted ion chromatograms (-3 charge state) for the separation of the 
[ABIM+][Br−] (red), [AMIM+][Br−] (green), and [AOIM+][Br−] (blue) ITOs using LC-
TOFMS. 
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Figure 4-S6. Chromatograms showing the titration of a complementary DNA sequence 
using the [AOIM+]-ITO. Panel (a) shows the chromatogram obtained for a mixture of 15-
mer [AOIM+]-ITO and 15-mer complement where insufficient ITO was added. Panel (b) 
shows the chromatogram obtained from a mixture of 15-mer [AOIM+]-ITO and 15-mer 
complement where an equimolar amount of ITO to complement was added, resulting in 
complete conversion to duplex DNA. The titration was performed to standardize the 
[AOIM+]-ITO concentration after gel purification, allowing the construction of a 
calibration curve using LC-TOFMS and subsequent determination of thiol-ene reaction 
yields. 
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Figure 4-S7. Calibration curve from LC-TOFMS analysis generated by integrating the 
[ABIM+]-ITO peak within the extracted ion chromatogram of the -3 charge state. 
 
 
 
 
 
 
Figure 4-S8. Extracted ion chromatograms for the -3 charge state of unreacted thiolated 
oligo (red) and [ABIM+]-ITO (blue) following LC-TOFMS analysis of the crude reaction 
mixture after 2400-fold dilution.  
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Figure 4-S9. Calibration curve from LC-TOFMS analysis generated by integrating the 
[AOIM+]-ITO peak within the extracted ion chromatogram of the -3 charge state. 
 
 
 
 
Figure 4-S10. Extracted ion chromatograms for the -3 charge state of unreacted thiolated 
oligo (red) and [AOIM+]-ITO (blue) following LC-TOFMS analysis of the crude reaction 
mixture after 2400-fold dilution. 
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Figure 4-S11. Melt curves for the 15-mer [AMIM+]-ITO, [ABIM+]-ITO, and an 
unmodified 15-mer when paired with a 15-mer complement. 
 
 
 
 
Figure 4-S12. ESI-MS analysis of the [P66614+][Mn(hfacac)3−] MIL in (a) positive ion 
mode and (b) negative ion mode. 
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Figure 4-S13. Loading of [AOIM+]-ITO onto a hydrophobic MIL. A solution containing 
[AOIM+]-DNA conjugate was extracted using 1 µL of the [P66614+][Mn(hfacac)3−] MIL 
and analyzed by HPLC (a) before and (b) after extraction. Extraction was performed in 
DI water for 10 min in a volume of 50 µL.  
 
 
 
 
 
Figure 4-S14. Loading of [ABIM+]-ITO onto a hydrophobic MIL. A solution containing 
[ABIM+]-DNA conjugate was extracted using 1 µL of the [P66614+][Mn(hfacac)3−] MIL 
and analyzed by HPLC (a) before and (b) after extraction. Extraction was performed in 
DI water for 10 min in a volume of 50 µL. 
  
0	
5	
10	
15	
20	
25	
30	
35	
40	
45	
50	
0	 2	 4	 6	 8	 10	
m
AU
	
Time	(min)	
0	
5	
10	
15	
20	
25	
30	
35	
40	
45	
50	
0	 2	 4	 6	 8	 10	
m
AU
	
Time	(min)	
Peak	area:	201	
Peak	area:	106	
a)	 b)	
Hydrophobic	MIL	
[AOIM+]-ILOC	
c)	
N N
S
DNA -5'
A
0	
2	
4	
6	
8	
10	
12	
6	 7	 8	 9	 10	
m
AU
	
Time	(min)	
0	
2	
4	
6	
8	
10	
12	
6	 7	 8	 9	 10	
m
AU
	
Time	(min)	
a)	 b)	
Peak	area:	68	 Peak	area:	58		
	 149 
 
 
Figure 4-S15. Loading of an untagged 15-mer oligo onto a hydrophobic MIL. A solution 
containing the untagged 15-mer oligo was extracted using 1 µL of the 
[P66614+][Mn(hfacac)3−] MIL and analyzed by HPLC (a) before and (b) after extraction. 
Extraction was performed in DI water for 10 min in a volume of 50 µL. 
 
 
 
Figure 4-S16. Evaluation of non-specific extraction of a 15 bp duplex extracted by the 
[P66614+][Mn(hfacac)3−] MIL. A solution containing the untagged 15 bp duplex was 
prepared using two complementary 15-mer sequences without modification. The solution 
was extracted using 1 µL of MIL and analyzed by HPLC (a) before and (b) after 
extraction. Extraction was performed in DI water for 10 min in a volume of 50 µL. 
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Figure 4-S17. ESI-MS (negative ion mode) of (a) untagged 20-mer and (b) the [ABIM+]-
ITO. 
 
 
 
 
Figure 4-S18. qPCR calibration curve for a tenfold dilution series of the 261 bp target 
sequence. Amplification efficiency was calculated from the slope using the equation 
E=10−1/slope.  
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Figure 4-S19. qPCR amplification of a 261 bp target sequence following extraction with 
the MIL-supported ITO method (blue trace) or extraction using a commercially available 
streptavidin coated magnetic bead-based technique from a sample containing interfering 
DNA from salmon testes (sDNA, average size ~20 kbp). Conditions for MIL-ITO 
method: 60 µL of 25 mM NaCl with 16.9 fmol of 261 bp DNA target, 1.69 pmol of 
[AOIM+]-ITO probe, and 50 ng µL−1 sDNA; 1 µL of [P66614+][Mn(hfacac)3−] MIL; 
agitation at 60 rpm for 10 min. Conditions for magnetic beads: 60 µL of 25 mM NaCl 
with 16.9 fmol of 261 bp DNA target, 1.69 pmol of biotinylated probe, and 50 ng µL−1 
sDNA; 13 µg of streptavidin coated Dynabeads; agitation at 60 rpm for 10 min. 
 
 
 
 
Figure 4-S20. Extraction of DNA from salmon testes (sDNA, average size ~20 kbp) 
using (a) MIL or (b) streptavidin coated Dynabeads. Conditions for (a): 60 µL of 25 mM 
NaCl with 50 ng µL−1 sDNA; 1 µL of [P66614+][Mn(hfacac)3−] MIL; agitation at 60 rpm 
for 10 min. Conditions for (b): 60 µL of 25 mM NaCl with 50 ng µL−1 sDNA; 13 µg of 
streptavidin coated Dynabeads; agitation at 60 rpm for 10 min. 
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Figure 4-S21. qPCR amplification of a 261 bp target sequence following extraction with 
the MIL-supported ITO method (blue trace) or extraction using a commercially available 
streptavidin coated magnetic bead-based technique from crude bacterial cell lysate. The 
lysate was prepared from E. coli cells using ultrasonication for 10 min. Conditions for 
MIL-ITO method: 60 µL of cell lysate (from 1.53×108 cells) spiked with 25 mM NaCl, 
16.9 fmol of 261 bp DNA target, and 1.69 pmol of [AOIM+]-ITO probe; 1 µL of 
[P66614+][Mn(hfacac)3−] MIL; agitation at 60 rpm for 10 min. Conditions for magnetic 
beads: 60 µL of cell lysate (from 1.53×108 cells) spiked with 25 mM NaCl, 16.9 fmol of 
261 bp DNA target, and 1.69 pmol of biotinylated probe; 13 µg of streptavidin coated 
Dynabeads; agitation at 60 rpm for 10 min. 
 
 
 
 
Table 4-S1. Calculated and observed masses for the studied ITOs. 
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m/z (observed) 
 -3 charge state 
[AMIM+]-ITO 4810.8840 1602.6277 1602.6382 
[ABIM+]-ITO 4852.9309 1616.6434 1616.6505 
[AOIM+]-ITO 4908.9935 1635.3309 1635.3136 
[ABzIM+]-ITO 4886.9153 1627.9715 1627.9765 
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Table 4-S2. Thiol-ene reaction yields achieved between alkene bearing imidazolium salts 
and a thiolated 15-mer oligo. 
  Thiolene reaction with 15-mer oligo 
Ion tag % Yield (LC-TOFMS) % Yield (PAGE)a 
[ABzIM][Br] 5.7b ndc 
[AMIM][Br] 15b 11 
[ABIM][Br] 45 40 
[AOIM][Br] 51 53 
aFollowing denaturing PAGE, UV shadowing with densitometry was used for the 
quantification of ion-tagged oligo product. Densitometry was performed on a gel image 
obtained from a digital camera (see Figure 6-1 from the manuscript) using Image-J 
software. bCalibration curves were not constructed for the indicated imidazolium salts. 
Yields were estimated based on peak areas obtained from extracted ion chromatograms of 
the crude reaction mixtures. cNot detectable using Image-J software. 
 
 
 
 
 
 
Table 4-S3. Extraction efficiencies for targeted/untargeted oligos and duplexes 
with/without ion tags. 
  Extraction Efficiency (%, n=3)a 
Extraction 
Phase 
ABIM-tagged 
oligo 
15 nt 
complement 
15 nt 
mismatch 
Duplex (AOIM-tagged 
oligo+complement) 
Duplex (untagged 
oligo+complement) 
Neat MIL 12±3 10 ± 3 - 25±3 <2±2% 
MIL+AOIM-
tagged oligo - 50 ± 7 15 ± 4 - - 
aConditions: concentration of oligo/duplex: 8 ng µL−1; hydrophobic MIL: 
[P66614+][Mn(hfacac)3−]; MIL volume: 1 µL; sample volume: 50 µL; extraction time: 10 
min; quantification method: anion-exchange HPLC with UV detection at 260 nm. 
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Table 4-S4. Extraction efficiencies of a complementary oligonucleotide (15-mer) using 
the ‘load first’ MIL-ITO method over a range of extraction times. 
Extraction time 
(min) 
Extraction 
efficiency (%)a 
0.5 30±2 
5 48±7 
10 50±7 
aConditions: concentration of oligo target: 8 ng µL−1; ITO probe: [AOIM+]-ITO; 
hydrophobic MIL: [P66614+][Mn(hfacac)3−]; MIL volume: 1 µL; sample volume: 50 µL; 
quantification method: anion-exchange HPLC with UV detection at 260 nm. 
 
 
 
 
 
 
 
 
Scheme 4-S1. Synthesis of the [P66614+][Mn(hfacac)3−] MIL. 
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Figure 5-S1. 1H NMR for [N888Bn+][Br−]. 
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Figure 5-S2. 13C NMR of [N888Bn+][Br−]. 
 
 
 
Figure 5-S3. Absorption spectrum for the [N888Bn+][FeCl3Br−] MIL in methanol. 
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Table 5-S1. Phase transition behavior of the three studied MILs. 
MIL Tg/°Ca 
[P66614+][FeCl4−] −71b 
[N888Bn+][FeCl3Br−] −53c 
[P66614+]2[MnCl42−] −69b 
aGlass transition temperatures (Tg) as determined by differential scanning calorimetry 
(DSC). bFrom reference 1. cFrom reference 2. 
 
 
 
 
 
Figure 5-S4. Schematic representation of SDE experiments for the determination of 
DNase I partitioning behavior between aqueous solution and the hydrophobic MIL phase. 
Extraction conditions: MIL volume: 20 µL; sample volume: 1.25 mL; buffer 
composition: 10 mM Tris (pH 8.5); DNase I concentration: 1,000 µg mL−1; stir rate: 85 
rpm. 
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Figure 5-S5. DNA sequencing results of the MTAP gene amplified from pDNA 
template. Prior to amplification, pDNA was stored in the [P66614+][FeCl4−] MIL with 20 U 
of DNase I for 72 h at room temperature. 
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Figure 5-S6. DNA sequencing results of the MTAP gene amplified from pDNA 
template. Prior to amplification, pDNA was stored in the [N888Bn+][FeCl3Br−] MIL with 
20 U of DNase I for 72 h at room temperature. 
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Figure 5-S7. DNA sequencing results from the MTAP gene amplified from a pDNA 
standard. 
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Figure 5-S8. PCR amplification of the 879 bp MTAP gene from pDNA stored within 
MIL for 72 h and room temperature. Initially, 5 µg of pDNA were spiked into 20 µL of 
MIL and incubated for 1 h at room temperature prior to the addition of 20 U of DNase I. 
 
 
 
 
 
Figure 5-S9. PCR amplification of the 879 bp MTAP gene from pDNA template. Lane 1 
shows a standard and lane 2 shows the amplicon obtained from a PCR mixture spiked 
with 1 U of DNase I immediately prior to thermal cycling. 
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Figure 5-S10. Colonies on a carbenicillin selection plate after transformation of 
competent E. coli cells with pDNA treated with DNase I within the [P66614+]2[MnCl4−] 
MIL. The mixture was incubated for 1 day at room temperature prior to heat shock 
transformation.  
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Synthesis of MILs. The synthesis of the [P66614+][FeCl4−], [N888Bn+][FeCl3Br−], and 
[P66614+]2[MnCl42−] MILs was undertaken as follows. For the [P66614+][FeCl4−] and 
[P66614+]2[MnCl42−] MILs, equimolar quantities of the [P66614+][Cl−] and iron(III) chloride 
hexahydrate (FeCl3.6H2O) or manganese(II) chloride tetrahydrate (MnCl2.4H2O), 
respectively, were stirred in methanol for 24 h. The methanol was then evaporated in 
vacuo and the crude product washed with 5 × 40 mL of deionized water. Residual solvent 
was removed in vacuo. For preparation of the [N888Bn+][FeCl3Br−] MIL, 8 mmol of 
trioctylamine and 10 mmol of benzyl bromide were dissolved in chloroform under reflux 
conditions for 72 h. Chloroform was removed by rotovap and excess starting material 
removed by washing the crude product with 5 × 40 mL of hexane to yield [N888Bn+][Br−]. 
After drying in a vacuum oven, the bromide salt was reacted with 12 mmol of 
FeCl3.6H2O in methanol for 24 h. The methanol was then removed in vacuo and the 
product washed with 5 × 40 mL of deionized water. The product was finally dried in 
vacuo. 
Recovery of sDNA. Recovery of sDNA from the MIL phase was undertaken using the 
following SPE procedure. The MIL sample containing DNase I and sDNA was dissolved 
in 1 mL of 3 M potassium acetate and loaded onto a silica column. sDNA was eluted 
from the column using 10 mM Tris, 0.1 mM EDTA (pH 8.5) and precipitated with 
absolute ethanol. Purified sDNA was reconstituted in 20 µL of 10 mM Tris (pH 8.5) and 
analyzed by agarose gel electrophoresis. 
PCR Conditions. The total reaction volume for all PCR experiments was 50 µL. 
Forward and reverse primers with sequences of 5′-TGC TGT TCC AGG GAC CT-3′ and 
5′-GAA TTC GGA TCC GGA CGC-3′ were added to the mixture at final concentrations 
	 164 
of 0.2 µM. A custom PCR buffer consisting of 80 mM Tris, 1 mM EDTA, 400 ng µL−1 
ovalbumin, 1X Phusion HF buffer, an additional 1 mM MgCl2, 5 mM dNTPs, and 1 U of 
high fidelity Phusion DNA polymerase. The reaction mixture was diluted to 50 µL with 
deionized water. Temperature settings for PCR were as follows: initial denaturation at 95 
°C for 5 minutes followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 54 
°C for 45 s, and extension at 72 °C for 45 s. Final extension was employed at 72 °C for 5 
min and the samples then cooled to 4 °C. 
Transformations and Cell Cultures. A 0.5 µL aliquot of sample containing pDNA, 
DNase I, and the [P66614+]2[MnCl42−] MIL was transferred to a microcentrifuge tube 
containing 20 µL of competent E. coli cells and placed on ice for 30 min. The sample was 
then subjected to heat shock for 30 s at 42 °C, removed from the heat source, and 
immediately placed on ice for 5 min. The cells were suspended in 950 µL of SOC media 
and incubated for 1 h at 37 °C. A 250 µL aliquot of the transformed cells was then spread 
on Luria Bertani agar (100 µg mL−1 carbenicillin). The plate was incubated overnight at 
37 °C. 
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Figure 6-S1. Number of CFUs observed after cell suspensions (8.0×102 ± 0.5×102 CFUs 
mL−1) were spiked with MIL, plated on LB agar, and cultured overnight. The asterisk (*) 
indicates that no colonies were detected and the dashed lines bracket the range of CFUs 
where no toxicity is detected. MIL 1: [P66614+][FeCl4−]; MIL 2: [P66614+][Co(hfacac)3−]; 
MIL 3: [P66614+][Mn(hfacac)3−]; MIL 4: [P66614+][Ni(hfacac)3−]; MIL 5: 
[P66614+][Dy(hfacac)4−]; MIL 6: [P66614+][Gd(hfacac)4−]; MIL 7: [P66614+][Nd(hfacac)4−]. 
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Figure 6-S2. Absorption spectra for the Ni(dmg)2 complex at different concentrations in 
dichloromethane. The blank corresponds to dichloromethane without complex. NiCl2 
blank refers to the absorption spectrum of an aqueous solution of 3.86 mM (500 ppm) 
NiCl2 and dimethylglyoxime blank indicates the absorption spectrum for a 38.6 mM 
(4.46 mg mL-1) solution of dimethylglyoxime in ethanol. 
 
 
 
Figure 6-S3. Calibration curve for Ni(dmg)2 using UV absorption at 330 nm in 
dichloromethane. 
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Figure 6-S4. Calibration curve for Co(dmg)2 using UV absorption at 350 nm in 50% 
ethanol (v/v). 
 
 
 
Figure 6-S5. Direct PCR amplification of cell-enriched MIL following MIL-based 
extraction of whole E. coli cells. A 2 mL aqueous sample solution containing E. coli cells 
transformed with MTAP pDNA was extracted with the [P66614+][Co(hfacac)3−] MIL and a 
0.5 µL aliquot of the cell-enriched MIL subjected to PCR amplification (lanes 1-3). 
Extraction conditions: sample volume: 2 mL; MIL volume: 15 µL (9.72 µL dispensed); 
extraction time: 30 s. Lane 4 shows the amplification of a 0.5 µL aliquot from an aqueous 
solution containing 4×108 cells mL−1. 
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Figure 6-S6. qPCR amplification curves for aqueous E. coli suspensions (100 cells mL−1) 
subjected to isolation by either centrifugation (blue curve) or MIL-based extraction 
(orange curve). After centrifugation, the cell pellet was resuspended in 100 µL of 
deionized water and a 1 µL aliquot subjected to qPCR amplification. MIL-base extraction 
conditions: sample volume: 2 mL; MIL volume: 15 µL (9.72 µL dispensed); extraction 
time: 30 s; back-extraction time: 2 min; volume of LB media added to PCR reagents: 1 
µL. 
 
 
Table 6-S1. Determination of the amount of Ni(II) sorbed by E. coli. 
Abs (330 nm) 
before cell sorption 
Abs (330 nm) 
after cell sorption 
Conc (mM) before 
cell sorption 
Conc (mM) after 
cell sorption 
Ni(II) sorbed 
by cells (%) 
0.953 0.138 3.92 0.54 86.3 
0.989 0.167 4.07 0.66 83.8 
0.817 0.134 3.36 0.52 84.5 
 Avg 3.78 0.57 84.9 
 sd 0.38 0.07 1.3 
 rsd 9.96 13.07 1.5 
 aAbsorbance of the Ni(dmg)2 complex in dichloromethane. To form this complex, 50 µL of an ethanolic 
solution of 4.46 mg mL−1 dimethylglyoxime (38.6 mM) were added to 50 µL of an aqueous 500 ppm NiCl2 
solution (3.86 mM). After a 5 min incubation at room temperature, a rose colored precipitate formed that 
was isolated by centrifugation and dissolved in 300 µL of dichloromethane. 
bAbsorbance of the Ni(dmg)2 complex in dichloromethane after an aqueous solution of NiCl2 was mixed 
with E. coli cells. Approximately 1.9×1010 cells were washed and resuspended in 300 µL of 500 ppm NiCl2 
solution. After 30 s of vortex agitation, the solution was centrifuged and 50 µL of the supernatant 
transferred to a clean vessel and subjected to dimethylglyoxime complexation analysis. 
cCalculated using an external Ni(dmg)2 calibration curve at 330 nm in dichloromethane. 
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Table 6-S2. Determination of the amount of Co(II) sorbed by E. coli. 
Abs (350 nm) 
before cell sorption 
Abs (350 nm) 
after cell sorption 
Conc (mM) before 
cell sorption 
Conc (mM) after 
cell sorption 
Co(II) sorbed 
by cells (%) 
0.899 0.627 3.80 2.16 43.3 
0.881 0.567 3.69 1.85 49.8 
0.893 0.576 3.77 1.89 49.8 
 Avg 3.75 1.97 47.6 
 sd 0.06 0.17 3.8 
 rsd 1.48 8.42 7.9 
 aAbsorbance of the Co(dmg)2 complex in 50% ethanol (v/v). To form this complex, 50 µL of an ethanolic 
solution of 4.46 mg mL−1 dimethylglyoxime (38.6 mM) were added to 50 µL of an aqueous 919 ppm CoCl2 
6H2O solution (3.86 mM). After 5 min incubation at room temperature, the yellow-brown solution was 
analyzed by UV. 
bAbsorbance of the Co(dmg)2 complex in 50% ethanol (v/v) after an aqueous solution of CoCl2 6H2O was 
mixed with E. coli cells. Approximately 1.9×1010 cells were washed and resuspended in 300 µL of 919 ppm 
CoCl2 6H2O solution (3.86 mM). After 30 s of vortex agitation, the solution was centrifuged and 50 µL of 
the supernatant transferred to a clean vessel and subjected to dimethylglyoxime complexation analysis. 
cCalculated using an external Co(dmg)2 calibration curve at 350 nm in dichloromethane. 
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Synthesis of MILs. The [P66614+][FeCl4−] MIL was synthesized according to previously 
published procedures. For the remaining MILs, 10 mmol of ammonium hydroxide were 
first mixed with 30 mL of ethanol. After sealing the reaction flask with a rubber septum, 
10 mmol of hexafluoroacetylacetone were added dropwise using a syringe. Next, 3.3 
mmol of cobalt(II) chloride hexahydrate, manganese(II) chloride tetrahydrate, or 
nickel(II) chloride were added. For the rare earth-based MILs, 2.5 mmol of 
dysprosium(III) chloride hexahydrate, gadolinium(III) chloride hexahydrate, or 
neodymium(III) chloride hexahydrate were added to the mixture. The reaction was 
allowed to stir at room temperature for 5 hours after which the solvent was removed in 
vacuo. Liquid-liquid extraction was performed using diethyl ether and deionized water 
until the aqueous fraction yielded no precipitate when subjected to the silver nitrate test. 
The salt was then dried at 50°C overnight under reduced pressure. A 1 mmol quantity of 
the metal salt was added to 1 mmol of trihexyl(tetradecyl)phosphonium chloride and 
dissolved stirred for 24 h in methanol at room temperature. The methanol was evaporated 
and the crude product dissolved in diethyl ether and extracted with several 5 mL aliquots 
water. The solvent was evaporated and the resulting MIL dried overnight at 50 °C in 
vacuo. 
Dimethylglyoxime Complexation Assay. Complexation of Ni(II) and Co(II) was 
performed using dimethylglyoxime (dmg). For Ni(II) determination, 50 µL of an 
ethanolic solution of 38.6 mM (4.46 mg mL−1) dimethylglyoxime were added to 50 µL 
of an aqueous NiCl2 solution. After a 5 min incubation at room temperature, a rose 
colored precipitate formed that was isolated by centrifugation and dissolved in 300 µL 
of dichloromethane. The absorbance of the resulting solution was measured at 330 nm 
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using a microplate reader. For the determination of Co(II), 50 µL of an ethanolic 
solution of 38.6 mM (4.46 mg mL−1) dimethylglyoxime were added to 50 µL of an 
aqueous CoCl2 6H2O solution. After a 5 min incubation at room temperature, the 
absorbance of the resulting yellow-brown solution was measured at 350 nm using a 
microplate reader. 
 
